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Abstract 
In the archetypal bacterial transcription, the multi-subunit core RNA polymerase (RNAP) is 
specifically bound to the promoter through the sigma factor (σ), forming a closed complex 
where DNA remains double-stranded. The promoter DNA is initially spontaneously melted 
by the σ factor within the core enzyme and subsequently loaded into the active channel of 
the holoenzyme. However, a major alternative transcription paradigm that depends on the 
sigma factor σ54 also exists in bacteria and controls pathogenicity, biofilm formation, 
bioluminescence, nitrogen fixation and stress responses. σ54 forms inhibitory interactions 
with DNA in the closed complex, which can only be alleviated by ATP hydrolysis-driven 
remodelling catalysed by bacterial enhancer binding proteins (bEBPs). In this regard, σ54-
dependent transcription can be viewed analogous to the eukaryotic RNA Pol II system. This 
study was initiated to advance the understanding of: (i) how the ATP hydrolysis energy is 
relayed from the ATPase catalytic site to the closed complex for remodelling, (ii) the 
hexameric interface organisation of bEBPs for ATP hydrolysis, and (iii) the role of core RNAP 
in σ54-dependent transcription. A newly devised cross-linking technique combined with the 
DNA footprinting methods provided new insights of the organisation of each transcription 
component. The data gathered from this study updated the current working model for ATP-
dependent transcription. In addition, the cross-linking method proved to be an excellent 
tool to study protein-protein and nucleo-protein interactions.  
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Serine    Ser    S 
Threonine   Thr    T 
Tryptophan   Trp    W 
Tyrosine   Tyr    Y 
Valine    Val    V 
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Chapter 1 Introduction 
1.1 Gene expression and transcription overview 
All living organisms, in order to survive the constantly changing environment, must be able 
to replicate, differentiate and cope with external stimuli. Information for these fundamental 
processes is encoded in the genome and is expressed in the form of proteins and structural 
RNAs. The process of gene expression requires two steps: (i) transcription where the 
permanently stored information in DNA is transcribed into mRNAs and (ii) translation where 
mRNAs are decoded in the ribosomes to generate proteins. 
Cells do not robotically produce a fixed amount of proteins. Rather protein production is 
strictly regulated by an intricate network in a temporal and quantitative manner. This tight 
regulation in many cases is exerted on transcription so that energy is not wasted on 
producing unwanted proteins. 
Transcription in the three kingdoms of life is catalysed by a multi-subunit DNA-dependent-
RNA polymerase (RNAP, I will not discuss single-subunit phage and viral RNAPs). In bacteria 
transcription initiation, the core RNAP (E) is recruited by a dissociable sigma factor (σ, 
together with E forming the holoenzyme, R) to the consensus sequences of a promoter (P), 
forming a closed complex (RPc) (Figure 1.1). The RPc isomerises, perhaps through multiple 
intermediate states (RPIs) (Gries et al., 2010, Kontur et al., 2006), to an open complex state 
(RPo) where the double-stranded DNA has melted. The template strand is subsequently 
loaded into the active channel of RNAP, ready for base-pairing with the incoming 
nucleotides. Two to twelve nucleotide (nt)-long abortive transcripts are initially generated 
before the RNAP enters the elongation phase (Carpousis & Gralla, 1980, Goldman et al., 
2009, McClure et al., 1978). During elongation, the RNAP migrates along the DNA template 
with high processivity (30-100nt/s (McClure, 1985, Mooney et al., 1998)) and fidelity until it 
encounters a terminator sequence or a termination factor (e.g., Rho).  
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Figure 1. 1. Mechanism of transcription initiation
holoenzyme (R) binds to promoter DNA (P) to form 
one or two intermediate states (RP
The nascent mRNA typically 
during translation, whereas the rRNA and tRNA assume direct functional roles in translation 
(rRNA associates with other proteins to form
animo acid at one end and an anti
nucleotides in mRNA are sequentially 
attached to the 3’-end of specific tRNAs are 
N-terminus to the C-terminus.
due to the lack of a membrane
is still being synthesised. The recent 
al., 2010) demonstrated that the translating ribosome 
in bacteria directly controlled the rate of transcription. Such
transcription to the codon usage and nutrient availability sensed by the ribosome 
et al., 2010).  
1.2 Bacterial core RNAP
The multi-subunit RNAP is highly conserved in all living organisms (bacteria, archaea and 
eukaryotes) (Ebright, 2000, Lane & Darst, 2010a, Lane & Dars
Opalka et al., 2010, Young, 1991)
catalytic subunits forming the two pincers; functionally they all share a common core (Table 
1.1) with a variable number of additional subunits
structural and functional similarities, 
with eukaryotic multi-subunit 
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a closed complex (RPc). The 
I1 and PRI2) to form an open complex (RPo). 
serves as a template for protein synthesis in the ribosome 
 the ribosomes and tRNA carries a specific 
-codon at the other end). Codons constituted 
recognised by 3 nt anti-codons in tRNA. 
tethered together, generating
 In a prokaryotic cell, transcription and translation are coupled 
-enclosed nucleus; that is, translation begins while the mRNA
in vivo assays carried out by Proshkin 
following behind the elongating RNAP 
 cooperation couples the
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Table 1. 1. Conserved RNAP subunits across all phylogenies (
Grohmann et al., 2009, Hirata & Murakami, 2009, Werner
In eukaryotes, three RNA polymerase
rRNA (28S and 18S), RNA Pol
(Lee et al., 2004)), and RNA 
contrast, bacteria possess only one 
α2ββ’ω (Figure 1.2). The bacterial core RNAP is assembled in the following pathway: 
2α→α2→α2β→α2ββ’ where the ω 
α2β (Haugen et al., 2008, Mariani & Maffioli, 2009)
The crystal structure of Thermus aquaticus
and 1HQM) revealed dimensions of 
(height) x 110 Å (width) (Minakhin 
by β and β’) is bifurcated into two channels by the evolutionarily conserved β’ F bridge helix 
(Figure 1.2): the active channel and the secondary channel 
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adapted from 
 et al., 2009)). 
s are specialised in transcription: RNA
 II mRNA (and most of the small nuclear RNA
Pol III tRNA (and 5S rRNA and other small nuclear RNA
core RNAP (≈ 450 kDa) with a subunit composition of 
subunit facilitates the binding of β’ to the sub
. 
 core RNAP at 3.3 Å resolution (PDB entries 1DDQ 
≈ 150 Å (from back to the tip of the claw) x 115
et al., 2001, Zhang et al., 1999). The central cleft (defined 
(Haugen et al., 2008)
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s and microRNAs 
s). In 
-assembly of 
 Å 
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Figure 1. 2. Structural composition of 
viewed from the top (left) and from 
Alpha II (gray), Beta (blue), Beta’ (yellow) and Omega (green), and Mg
helix (bifurcating the central cleft), the β 
(σ docking) are indicated by arrows.
The active channel is ≈ 27 Å wide, sufficient to accommodate a double
in width) (Campbell et al., 2001, Zhang 
ion mechanism has been proposed to 
RNAPs (Beese & Steitz, 1991, Doublie
Metal A (Mg2+) is permanently chelated by the absolutely conserved ‘NADFDGD’ motif of 
the largest subunit (Zaychikov
positioned by an invariant Glu and Asp pair 
an Asp of the Metal A site (Cramer
during phosphodiester bond formation 
The secondary channel is generally 20
allow entry of NTPs into the active site and to accommodate the backtracked RNA 
et al., 2000, Fu et al., 1999, Korzheva
RNA disengages with the active site and extrudes into the secondary channel 
2000). Prokaryotic transcription factors GreA and Gre
long coiled coil hairpin into the secondary channel, presenting two invariable acidic residues 
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Thermus aquaticus core RNAP (1HQM). 
the bottom (right). Each subunit is colour coded: Alpha I (black), 
2+ (magenta). The 
G flap (covering the RNA exit channel) and the β’ coiled 
 
-stranded DNA 
et al., 1999). Inside the active channel, a two
catalyse the phosphodiester bond formation of all 
 et al., 1998, Kiefer et al., 1998, Sawaya
 et al., 1996). Metal B (Mg2+) is 5.8 Å from Metal A
of the second largest subunit in corporation with 
 et al., 2001). Both metals stabilise the transition state 
(Cramer et al., 2001). 
 Å long and 10 Å wide (Ebright, 2000)
 et al., 2000). During RNAP backtracking, the 3’ end of 
B (eukaryotic homolo
 Phage Shock Protein F 
 
The core RNAP is 
β’ F bridge 
coil 
(20 Å 
-metal 
 et al., 1997). 
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in the active site (Borukhov et al
re-coordination of Metal B at the catalytic site and induces endogenous hydrolysis 
(Borukhov et al., 2005). The transcription system is reset and the 3’
with the active site. 
Figure 1. 3. Domain organisation
are labelled as CR1-3 for ω (Minakhin 
(Allison et al., 1985, Puhler et al
Severinov et al., 1995, Zakharova
sites (RifR) (Jin et al., 1988, Lisitsyn
Severinov et al., 1993), and other functionally important features are highlighted (numbering 
according to E. coli). All the subunits are drawn to scal
1.2.1 α subunit 
The two α subunits (encoded by 
different in function and location: α
Arthur et al., 2000, Severinov, 2000)
terminal domain (αNTD) and a C
responsible for dimerisation 
Busby, 1995). The αCTD (residues 249
(upstream element, UP element), activators, repressors and post
Escherichia coli
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., 2005, Rudolph et al., 2007, Severinov, 2000)
-end of RNA is re
 of the core RNAP subunits. The regions of sequence conservation 
et al., 2001), A-I for β (Sweetser et al., 1987)
., 1989). The dispensable regions (DRs) (Borukhov
 et al., 1998), split sites (Severinov et al., 1996), Rifampicin resistant 
 et al., 1984, Ovchinnikov et al., 1983, Ovchinnikov Yu
e. 
rpoA, 329 aa, 37 kDa) are identical in sequence but 
I contacts β whereas αII contacts β’ 
. Each α subunit is comprised of two domains: an N
-terminal domain (αCTD). The αNTD (residues 1
and interaction with β/β’ (Busby & Ebright, 1999, Ebright & 
-329) contains determinants for interaction with DNA 
-transla
 Phage Shock Protein F 
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 and A-H for β’ 
 et al., 1991, 
 et al., 1981, 
(Ebright, 2000, 
-
-235) is 
tional modification 
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and a secondary, weak dimerisation
Goff, 1984).  
Substitutions of αCTD have revealed three critical determinants on Class I CAP
promoters: the 287 determinant, the 265 determinant and the 261 determinant 
Ebright, 1999) (Figure 1.4). Residues in the 287 determinant 
G315, R317 and L318) are proposed to contact CAP AR1 (activating region 1). Residues in 
the 265 determinant (R265, N268, N294, G296, K298, S299 and E302) 
contact DNA. Residues in the 261 determinant 
to contact σ70 region 4 (σ704). Upon bacteriophage T4 infection
on R265 – the most crucial residue for DNA interaction 
abolishment of UP-dependent transcription. This is thought to decr
and increase the pool of RNAP for viral transcription.
Figure 1. 4. E. coli αCTD contacts CAP and CAP
determinant (interacting with CAP), the 265 determinant (interacti
determinant (interacting with σ70
Escherichia coli
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(V257, D258, D259 and E261) 
, the αCTD is ADP
(Goff, 1984)
ease host transcription 
 
-dependent DNA (PDB entry 1LB2).
ng with DNA) and the 261 
4) of αCTD (gray) are coloured in red, blue and cyan respectively. 
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Proteolytic studies indicate the linker connecting αNTD and αCTD is 13-36 aa and 44 Å long 
if fully extended (Blatter et al., 1994). The flexible linker allows the two αCTDs to occupy 
different locations relative to the core RNAP on different promoters (Busby & Ebright, 1994, 
Ebright & Busby, 1995). 
1.2.2 β subunit 
The β subunit (encoded by rpoB, 1342 aa, 150.5 kDa), the catalytic second largest subunit, 
displays nine segments of high sequence similarity separated by poorly conserved variable 
regions (Puhler et al., 1989, Sweetser et al., 1987) (Figure 1.3). The two large variable 
regions (residues 170-430 and residues 940-1040 of E. coli β) have been named dispensable 
regions I and II (DRI and DRII). They make up 25% of total E. coli β sequence and divide β 
into three domains. The experimental data suggest a physical continuity of the β subunit is 
not necessary for RNAP assembly or basic functions in vitro (Borukhov et al., 1991, 
Severinov et al., 1994, Severinov et al., 1995). In archaea, the β subunit homologue is 
encoded by two separate genes (Puhler et al., 1989, Severinov et al., 1996); the two split β 
homologues need to re-associate during RNAP assembly. It has been shown that splitting 
the E. coli β subunit to evolutionally resemble the archaeal homologues still allows the 
assembly of a functional RNAP (Severinov et al., 1996). 
Mutations conferring Rifampicin-resistance (RifR) are almost exclusively found on the β 
subunit (residues 144-146, 511-534, 567-574 and 687 of E. coli β subunit) (Jin et al., 1988, 
Lisitsyn et al., 1984, Ovchinnikov et al., 1983, Ovchinnikov Yu et al., 1981, Severinov et al., 
1993). Rifampicin (Rif) is one of the most potent and wide-spectrum antibiotics against 
bacterial pathogens and a key component of anti-tuberculosis therapy. However, bacteria 
develop resistance to Rif with high frequency, thus two positions (3 and 4) of the 
naphtoquinone ring have to be extensively modified to improve the pharmaceutical 
properties (Villain-Guillot et al., 2007). Rif binds 12 Å from the active site and acts by directly 
blocking the path of elongating RNA transcript at the 5’-end when the transcript becomes 2-
3 nt in length (Campbell et al., 2001).  
The β G flap domain (residues 835-935 in E. coli) consists of three distinct parts (Geszvain et 
al., 2004): (i) the flap wall (4 anti-parallel β sheets), the main surface where the flap arms 
are anchored, (ii) the flap arms, two flexible protein loops extended from the flap wall, and 
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(iii) the flap tip, a short helix connected to the two flap arms (Figure 1.2). The flap arms and 
tip are significantly more flexible than the flap wall (Murakami et al., 2002, Zhang et al., 
1999). During transcription initiation, the flap tip interacts with σ704 and positions it for the -
35 consensus recognition (Geszvain et al., 2004). During transcription elongation, the flap 
tip covers the exit channel whereas the flap wall and arms interact with the nascent RNA 
(Korzheva et al., 2000). During transcription termination, the β G flap interacts with the 
termination hairpin (Wang et al., 1997a). 
1.2.3 β’ subunit 
The largest catalytic subunit β’ (encoded by rpoC, 1407 aa, 155.2 kDa) contributes 17% of its 
solvent-accessible surface to make contact with α, β, ω and σ (Zhang et al., 1999). The β’ 
regions C, D, G and H contact αII exclusively. β’ and β make extensive contact with each 
other, forming a major interface at the base of the active channel (Zhang et al., 1999). The 
C-terminal part of β’ (residues 1009-1099) is completely wrapped around by the chaperone-
like ω subunit (Minakhin et al., 2001). β’ also contacts σ70 regions 2.1 and 2.2 (Haugen et al., 
2008, Severinov, 2000). 
Additional conserved β’ motifs have been identified, including: zipper (residues 38-59), Zn2+ 
finger (residues 63-95), lid (residues 250-263), coiled coil (residues 260-309), rudder 
(residues 310-326), bridge helix (residues 769-805) and trigger loop (residues 912-1138) 
(Figure 1.2). The β’ zipper, Zn2+ finger and lid along with the β G flap form the exit channel 
(Nudler, 2009). The β’ zipper has been implicated in defining the upstream boundary of the 
transcription bubble (Trinh et al., 2006). The Zn2+ finger motif is a shared feature of all multi-
subunit RNAPs and may play a role in the initial recognition of the duplex promoter (Young 
et al., 2004). The β’ lid functions as a rear zip lock and plays roles in: (i) RNA displacement 
from the RNA-DNA hybrid, (ii) maintaining strand separation by form a physical barrier, (iii) 
guiding RNA through the exit channel, and (iv) participating in transcription termination 
(Naryshkina et al., 2006). The β’ coiled coil motif serves as a principle docking site for σ70 
(Arthur et al., 2000). It makes strong interaction with σ702.2, which could be the last contact 
disrupted during σ70 release from the holoenzyme (Haugen et al., 2008). The interaction 
between β’ coiled coil and σ702.2 has been shown to allosterically reconfigure σ
70 for the non-
template strand recognition (Young et al., 2001). A larger β’ fragment (residues 1-314, 
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encompassing zipper, Zn2+ finger, lid and coiled coil) along with a truncated σ70 (residues 94-
507) is sufficient to melt DNA in a similar manner as the authentic holoenzyme (Young et al., 
2004). The β’ F bridge helix is a long α-helix that traverses the active channel. Two 
crystallographic structures of the bridge helix (either kinked or straight (Cramer et al., 2001, 
Zhang et al., 1999)) have been observed. It was proposed that the kinked conformation 
induces the translocation of RNA-DNA hybrid by 1nt, and the subsequent relaxation 
(straight conformation) of bridge helix opens the substrate binding site for the next NTP 
addition cycle (Gnatt et al., 2001). The conformational alternation of bridge helix depends 
on the position of β’ G trigger loop (Vassylyev et al., 2002). 
1.2.4 ω subunit 
The ω subunit (encoded by rpoZ, 91 aa, 10.1 kDa) is not essential for cell viability under 
standard laboratory conditions (Gentry et al., 1991). However, deletion of ω results in a 
slow-growth phenotype (Mukherjee & Chatterji, 1997) and association of RNAP with 
chaperone GroEL in vivo (Mukherjee et al., 1999). The ω subunit is composed of three 
conserved domains: CR1 (residues 15-34), CR2 (residues 38-42) and CR3 (residues 46-65) 
(Minakhin et al., 2001) (Figure 1.3). The ω CR1 interacts with the β’ regions D, G and H. The 
ω CR3 interacts with the C-terminal β’ tail (residues 1483-1489), threading it to a crevice 
formed by CR1 and CR3. This action latches the β’ regions D and G to the C-terminal tail, 
resulting in a β’ conformation favourable for the assembly on α2β (Minakhin et al., 2001). 
1.3 Sigma factors 
Transcription initiation requires a sixth, dissociable subunit called a sigma factor (σ). The σ 
factor is responsible for promoter recognition, core RNAP recruitment and DNA melting 
(Gruber & Gross, 2003). An E. coli cell typically contains 1,500-11,400 RNAP molecules 
(Wosten, 1998). However, the amount of free core RNAPs in the cytosol is extremely limited 
because: (i) most core RNAPs continuously transcribe mRNA to maintain basic cellular 
function and (ii) some core RNAPs bind unproductively to DNA. Thus when an 
environmental cue is encountered, the competition for free core RNAPs among different σ 
factors occurs. The number of genes encoding σ factors may vary greatly across bacterial 
species, ranging from 1 (Mycoplasma genitalium) to 64 (Streptomyces coelicolour) (Gruber & 
Gross, 2003, Hahn et al., 2003, Kill et al., 2005, Mittenhuber, 2002). In general, the more 
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diverse an environment the microorganism experiences, the more σ factors are 
regulate the metabolism. E. coli
families. The more prevalent σ
(in descending order for core RNAP affinity) 
family can be further divided into four phylogenetic
2003, Paget & Helmann, 2003, Wosten, 19
present in a bacterial species (except for 
whose sigma factor does not have region 1.1
during the exponential growth. The alternative σ
which differs from the σ70 family members in primary sequence, promoter recognition, 
function and regulatory mechanism
Helmann, 2003, Zhao et al., 2010)
Table 1. 2. Summary of σ
 
factors in 
1998)). 
1.3.1 σ70-family 
1.3.1.1 Primary σ factors of Group 1
σ70 (encoded by rpoD, 613 aa, 70
transcription in the exponentially growing cells and is essential for survival
Escherichia coli
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 possesses seven σ factors that fall into two unrelated 
70-family contains σ70(D), σ28(F), σ24(E), σ18(FecI)
(Arsene et al., 2000, Wosten, 1998)
 sub-groups (Table 1.2)
98). Usually one primary σ factor (σ
Deinococcus radiodurans (Mittenhuber, 2002)
), and it transcribes the house
54-family contains only a single member, σ
s (Buck et al., 2000, Johansson et al
. 
E. coli and their consensus sequences (adapted
 
 kDa) of E. coli is a primary σ factor that directs most 
 Phage Shock Protein F 
present to 
, σ32(H), and σ38(S) 
. The σ70-
 (Gruber & Gross, 
70 in E. coli) is 
 
-keeping genes 
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., 2008, Paget & 
 
 from (Wosten, 
 (Gross et al., 
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1998). Structural and sequence analyses revealed that Group 1 σ factors are composed of 
four flexibly linked domains (Figure 1.5): σ
3.0-3.1), and σ4 (regions 4.1
Murakami & Darst, 2003). Each domain as well as the li
extensive interaction with the 
RNAP is approximately 8230Å
domain is summarized in Table 1.3.
Figure 1. 5. Domain organisation
Domains and sub-domains of σ70
Escherichia coli
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1.1 (region 1.1), σ2 (regions 1.2
-4.2) (Campbell et al., 2002, Helmann & Chamberlin, 1988, 
nkers connecting them makes 
core RNAP. The total contact area between σ
2 (Murakami et al., 2002). The function of each domain/sub
 
 of σ
70
 and sub-domain contribution to promoter recognition.
. The consensus sequence of each recognition element is included in 
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the gray box. The UP element (where W=A/T and N=any base) contacted by the two αCTDs is also 
indicated. (B) Crystal structure of T. aquaticus holoenzyme bound to DNA (PDB entry 1L9Z). The σ1.1 
is absent in the structure. The core RNAP subunits are colour-coded as in Figure 1.2 and presented in 
lines. The σ70 subunit is depicted in red ribbon. The sub-domains involved in promoter contact (σ702.4 
in cyan, σ703.0 in orange, and σ
70
4.2 in magenta) are depicted by spheres. 
The highly acidic σ1.1 (residues 12-69) is present only in Group 1 σ factors (Figure 1.7) and is 
rather variable in sequence. Two functions have been ascribed to σ1.1. First, σ1.1 inhibits free 
σ70 from binding to promoter DNA in either double-stranded or single-stranded form 
(Dombroski et al., 1992). It has been speculated that the autoinhibition of DNA binding is 
required for tight regulation since σ70 is more abundant than any alternative σ factors 
(Gruber & Gross, 2003). The rationale of autoinhibition is revealed using truncated σ70 
derivatives in a competitive DNA binding assay (Dombroski et al., 1993, Dombroski et al., 
1992). It demonstrated that σ701.1 masked the DNA binding determinant in σ
70
4.2 for the -35 
element but not the DNA determinant in σ702.4 for the -10 element (Dombroski et al., 1993, 
Dombroski et al., 1992). The autoinhibition is released when σ70 binds the core RNAP and 
reorganises. The second function of σ1.1 is to act as a DNA mimic. Based on footprinting and 
FRET analyses (Mekler et al., 2002, Nagai & Shimamoto, 1997), it has been hypothesised 
that the negatively charged σ701.1 holds open the active channel in the holoenzyme as much 
as 50Å apart (Darst et al., 2002, Mooney & Landick, 2003), allowing the entry of duplex DNA 
prior to melting. The subsequent DNA loading displaces σ701.1 out of the active channel by an 
unknown mechanism. σ701.2 contacts the promoter discriminator element (Figure 1.5), a G/C 
rich region between the -10 element and the transcription start site.  
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Table 1. 3. Summary of σ
70
 sub-domain function
σ702 is the most conserved sub
interaction in terms of contact area
RNAP binding determinants 
involved in the DNA melting process (Figure 1.6). It has been suggested 
hydrogen bonds at the -12 T
aquaticus (T429 in E. coli) (Murakami & Darst, 2003, Schroeder
flipping-out of -12T (-11A in E. coli
conserved aromatic residues (F248, Y253 and W256 in 
E. coli, Figure 1.6) (Murakami 
step critical for ‘turning’ the DNA into the RNAP to arrive at the active site (S. Darst 
unpublished data). σ702.4 recognise
TATAAT-3’) (Gross et al., 1998)
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-domain in the σ70-family and makes the largest RNAP 
. The polar surface of σ702.2 helix contains the strongest 
(Gruber & Gross, 2003). The conserved residues in σ
-A base pair (-11A-T in E. coli) are disrupted by Q260 in 
 et al., 2008)
). The flipped-out -12T base is subsequently 
T. aquaticus; Y425, Y430 and W433
et al., 2002, Schroeder et al., 2007) and is proposed t
s the promoter -10 element (consensus sequence 5’
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Figure 1. 6. σ
70
–dependent promoter melting (PDB entry 1L9Z). The template (T) and non-template 
(NT) strands are coloured in black and yellow respectively. Residue Q260 (magenta) of T. aquaticus 
σ70 (orange ribbon) is involved in the -12T base flipping (yellow). Aromatic residues involved in 
stabilisation are coloured in cyan. 
Region σ703 is a compact domain involved in extended -10 (consensus sequence 5’-TGTG-3’) 
recognition (Barne et al., 1997, Haugen et al., 2008). A truncated σ70 (encompassing σ702 and 
σ703 only) is sufficient for transcription from an extended -10 promoter, and the recognition 
of extended -10 can substitute for the recognition of -35 element (Campbell et al., 2002). 
The σ703.2 Loop (connecting σ
70
3 and σ
70
4) passes under the β G flap and is buried in the 
active channel as well as in the RNA exit channel (Figure 1.9). Base on its location and acidity, 
it has been proposed that the σ703.2 Loop acts as a placeholder for RNA, causes a steric clash 
with short RNAs during abortive initiation and plays a role in σ dissociation from the 
holoenzyme (Borukhov & Nudler, 2003, Mekler et al., 2002, Murakami et al., 2002). 
The σ704 region forms a C-shaped pocket where the β G flap tip fits in; the pocket itself is 
coated with hydrophobic residues from σ704.1 (Campbell et al., 2002). Large movements 
have been observed with σ704 and the β G flap tip in the holoenzyme compared to those in 
the core RNAP alone (Murakami et al., 2002, Vassylyev et al., 2002). σ704.2 region recognises 
the -35 element (consensus 5’-TTGACA-3’) (Campbell et al., 2002). It is thought that the 
binding of σ704.2 to the -35 sequence alters the trajectory of the upstream DNA (36Å closer 
to the core RNAP), facilitating the interaction between αCTD and the UP element (Campbell 
et al., 2002, Murakami & Darst, 2003). 
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1.3.1.2 σ factors from Group 
When nutrients are depleted, bacterial cells enter the 
factor (σ38(S) in E. coli) begins to take over transcription. The Group 2 σ factor is closely 
related to σ70 but dispensable for cell viability
of general stress responses (Hengge
are responsive to oxidative stress, UV irradiation, heat shock, hyperosmolarity, acidic pH 
and ethanol shock (Gruber & Gross, 2003)
phase is ensured by the following mechanisms: (i) σ
degeneration of the -35 element 
blocking its association with core RNAP 
following amino acid starvation) activates σ
competitiveness of σ38 for core RNAP 
1998). 
Figure 1. 7. Domain composition of different groups of σ
2003)). 
1.3.1.3 σ factors from Group 3
The Group 3 σ factors (σ32(H
induced when excessive unfolded proteins are present 
other stresses (Gruber & Gross, 2003)
members of the σ32 regulon that fold or degrade the damaged proteins 
Gruber & Gross, 2003). Under normal growth conditions, the mRNA of σ
translationally inhibited secondary structure and 
shock, the inhibitory secondary structure is relieved and 
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stationary phase. The Group 2 σ 
 (Lonetto et al., 1992). σ38 is a 
-Aronis, 2002) and transcribes more than 70 genes 
. The selectivity of σ38 over σ70 
38 can better tolerate partial 
(Gaal et al., 2001), (ii) anti-σ70 factor Rsd binds to σ
(Jishage et al., 2001), and (iii) ppGpp (
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et al., 1999a, Morita et al., 1999b). σ28 activates the late genes involved in flagellar assembly. 
The anti-σ28 factor FlgM binds to σ28 to inhibit its activity. After the completion of hook basal 
body FlgM is exported, allowing σ28 to transcribe flagellin and chemotaxis genes. Once the 
flagellum filament is capped, FlgM can no longer be exported and σ28-dependent 
transcription ceases (Chilcott & Hughes, 2000). 
1.3.1.4 σ factors from Group 4 
The highly diverged Group 4 σ factors (σ24(E) and σ18(FecI) in E. coli) carry out extracytoplasmic 
functions. All Group 4 σ factors lack region 3 (Figure 1.7), thus they are probably unable to 
recognise the extended -10 element. The long unstructured domain connecting domains 2 
and 4 in Group 4 σ factors follows the same path as the σ3.2 Loop (Campbell et al., 2003). σ
24 
is induced by unfolded proteins in the cell envelope (Alba & Gross, 2004) and it directs the 
restoration of envelope integrity. The anti-σ24 factor RseA is sandwiched between domains 2 
and 4 of σ24, occluding the core RNAP binding determinants (Campbell et al., 2003). Upon 
membrane stress, RseA is cleaved by the proteases DegS/YaeL to release σ24 (Ades et al., 
1999, Alba & Gross, 2004). σ18(FecI) directs the transcription of the fecABCDE operon for iron 
citrate transport (Visca et al., 2002). The presence of iron citrate is signaled to the anti-σ18 
factor, FecR which undergoes structure rearrangement to release σ18 (Stiefel et al., 2001). 
A fifth group of σ70-family has been proposed by Helmann (Helmann, 2002). The Group 5 σ 
factors are even more distantly related to σ70 and include TxeR of Clostridium difficile and 
other positive regulators of toxin and bacteriocin genes (Gruber & Gross, 2003). 
1.3.2 σ
54
-family 
Although most bacteria have multiple alternative σ factors that belong to the σ70-family, two 
forms of σ54 very rarely coexist (with the exceptions of Brandyrhizobium japonicum, 
Rhodobacter sphaeroides and Rhizobium etli where two rpoN genes encode two 
homologous σ54 proteins with different functional specialisations (Choudhary et al., 1999, 
Kullik et al., 1991, Michiels et al., 1998)). σ54 can be found in approximately 60% of bacterial 
genomes (Wigneshweraraj et al., 2008), from extreme thermophiles, enteric pathogens, 
spirochetes to green sulfur bacteria (Buck et al., 2000, Studholme & Buck, 2000). However, 
high-GC Gram positive bacteria or cyanobacteria do not seem to have representatives of the 
σ54-family (Studholme & Buck, 2000). The expression of σ54 is constitutive and the protein 
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level remains constant (approximately 110 molecules/cell) throughout the exponential 
phase and stationary phase in E. coli (Jishage et al., 1996). It remains unknown how free σ54 
is stored and protected from degradation in the cytosol. One possibility is that σ54 may 
complex with an unidentified anti-σ54 factor. 
The role of σ54-dependent transcription was historically related to nitrogen metabolism and 
fixation. In E. coli, about 40% of the σ54-dependent operons are dedicated to nitrogen 
assimilation and metabolism (Reitzer & Schneider, 2001). Examination of genes under the 
control of σ54 revealed a great repertoire of functions, including carbon source utilisation, 
expression of alternative σ factors, pathogenicity, electron transport, metabolism, RNA 
modification, and heat/phage shock responses (Studholme & Buck, 2000). In Vibrio 
parahaemolyticus, σ54 regulates polar and lateral flagellar biogenesis for swimming and 
swarming (Stewart & McCarter, 2003). In Vibrio fischeri, σ54 controls biofilm formation and 
bioluminescence (Wolfe et al., 2004). In Pseudomonas aeruginosa, σ54 activates 
transcription of both flagellin and pilin, promotes virulence, and negatively affects quorum-
sensing genes (Hendrickson et al., 2001, Heurlier et al., 2003, Ishimoto & Lory, 1989, Totten 
et al., 1990). σ54-dependent transcription is also important for human pathogens such as 
Borrelia burgdorferi, the agent of Lyme disease, and Vibrio cholera, the most feared 
epidemic diarrheal disease (Correa et al., 2000, Fisher et al., 2005). In B. burgdorferi, σ54 
regulates the expression of a few key lipoproteins and 305 genes required to infect 
mammals (Fisher et al., 2005). In V. cholera, σ54 regulates the polar flagellar biosynthesis – 
an important aspect of virulence (Correa et al., 2000).  
The properties of σ54 differ from those of σ70 in that: (i) σ54 is able to bind DNA in solution 
(Cannon et al., 1997), (ii) σ54 recognises the promoter -24 (GG) and -12 (GC) consensus 
elements (the updated consensus YTGGCACG-NNNN-TTGC(A/T) where Y is pyrimidines 
(Barrios et al., 1999)), and (iii) the reliance on an ATPase activator and on energy for 
isomerisation from RPc to RPo, reminiscent of the eukaryotic RNAP II system (Wang et al., 
1992). 
The information regarding the overall shape of σ54 has come from Small Angle X-ray Solution 
Scattering (SAXS) and Cryo-EM studies (Rappas et al., 2005, Svergun et al., 2000). No high 
resolution structure for the full length protein is yet available, although some fragments 
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mutants of σ54 (initiating transcription without the requirement of σ54 activators) were 
generated by targeting the Leu patch (Syed & Gralla, 1997, Wang et al., 1997b). It has been 
shown that deletion of σ54 Region I (σ54∆RI) also results in an activator-bypass phenotype, 
where heparin-resistant (heparin is a negatively charged polymer that abolishes RPc but not 
RPo) initiated complexes were generated on a pre-melted linear DNA (Cannon et al., 1999a). 
The footprinting data showed that Eσ54∆RI provided extended protection against S1 nuclease 
(-33 to +20) in comparison to the intact Eσ54 (-33 to -5), suggesting isomerisation requires a 
significant structural change of σ54 with respect to the promoter DNA (Cannon et al., 1999b, 
Leach et al., 2006). The addition of σ54RI in trans can reverse the activator-bypass phenotype 
of σ54∆RI (Gallegos et al., 1999). 
Cannon et al showed that σ54RII (residues 57-107) was dispensable for RNAP isomerisation 
and interaction with DNA (Cannon et al., 1999a). Indeed in many bacterial species (e.g., 
Rhodobacter capsulatus) σ54RII is almost completely absent, arguing for an inessential but 
rather supportive role (Buck et al., 2000). 
σ54RIII (residues 108-477) contains a strong core binding motif and a DNA binding motif 
(Figure 1.8). The recent NMR structure reported that the N-terminus of σ54RIII (residues 120-
215) formed a four-helical bundle to contact the core RNAP (Hong et al., 2009). Residues 
180 to 306 fold into a discrete domain and increase the DNA binding affinity of σ54 when 
present either as a separate polypeptide or linked to the DNA binding motif (Cannon et al., 
1997). The RpoN box (consensus ‘ARRTVAKYRE’) is crucial for DNA binding since mutations 
in this sequence resulted in more than 80% reduction in DNA binding affinity (Taylor et al., 
1996, Wang & Gralla, 2001). Burrows et al showed the RpoN box was close to the -24 
element but not the -12 element using a FeBABE (p-bromoacetamidobenzyl-EDTA-Fe) 
footprinting technique (Burrows et al., 2003). The NMR structure of the C-terminus of σ54 
demonstrated that the RpoN box formed a winged helix-turn-helix motif and inserted the 
recognition helix into the major groove of the -24 element (Doucleff et al., 2007). In terms of 
structure, the σ54 RpoN box resembles σ703; but its surface charge and function resembles 
σ704 (Doucleff et al., 2005). It has been proposed that the first loop of the RpoN box interacts 
with the β G flap of RNAP, thus orienting the holoenyzme near the -12 element for DNA 
melting (Doucleff et al., 2007). The recognition of the -12 element is more complicated and 
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(mostly absent to reveal the active site, except for the β G flap coloured in blue). The holoenzyme 
(σ70, red; β’, gray; ω, green; permanently chelated Mg2+, magenta), promoter DNA (template strand, 
black; non-template strand, green) and nascent RNA (orange) are shown at different stages along 
the transcription pathway. Conserved aromatic residues (WYF) in σ702.3 are emphasized. 
In the RPc shown in the general scheme in Figure 1.9, Eσ
70 binds to the promoter consensus 
elements and protects DNA in footprinting experiments from approximately -55 to +1 
relative to the transcription start site (Haugen et al., 2008). The promoter DNA still remains 
double-stranded. The trajectory of upstream DNA is set by interactions between the -35 
element and σ704.2 and between the αCTD and UP element. As a result, the promoter DNA 
from positions -57 to -30 is bent by approximately 90°, along a path outside the β’ subunit 
and parallel to the active channel (Figure 1.9) (Davis et al., 2007). σ701.1 is placed inside the 
active channel through electrostatic interactions (Figure 1.9). The negatively charged σ703.2 
Loop protrudes into the active site and comes out of the RNA exit channel underneath the β 
G flap. 
1.4.2 Open complex and abortive initiation 
The KMnO4 footprinting method detected no unstacked thymine residues in RPI 
(intermediate state from RPc to RPo), suggesting the downstream DNA enters the active 
channel as a duplex and must be opened in the subsequent steps (Davis et al., 2007). 
The σ702.3 is perfectly situated to initiate the flipping of -11A (in E. coli) and to subsequently 
stabilise the flip using the conserved aromatic residues (Figure 1.6 and 1.9). The transient 
exposure of -11A nucleates DNA melting to create the transcription bubble from -11 to +3. 
The unwinding imparts flexibility to the downstream DNA and facilitates entry of the 
template strand into the positively charged active site (Murakami & Darst, 2003). The 
template strand replaces σ701.1 in the active channel by an unknown mechanism. The 
protection of RNAP over DNA is now extended from -55 to +20 (Haugen et al., 2008). 
On formation of the RPo, the catalytic synthesis of RNA commences with NTPs entering the 
secondary channel. The negatively charged σ703.2 Loop in the active site clashes with the 5’-
end of the growing RNA chain when it reaches 5-6 nt long. This marks the beginning of 
abortive initiation (Vassylyev et al., 2002). Competition for limited space in the active site 
between RNA and σ703.2 Loop will yield one of two possibilities: short abortive RNAs 
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dissociate from RPo and be released via the secondary channel, or displacement of σ
70
3.2 
Loop from the active site (Borukhov & Nudler, 2003, Murakami & Darst, 2003). 
1.4.3 Promoter clearance and elongation complex 
During abortive initiation, the leading edge and the active site of RNAP moves forward 
whereas the trailing edge of RNAP remains in contact with the -35 element. As a result, both 
DNA strands near the -10 element extrude to the surface of RNAP in a process called 
‘scrunching’ (Kapanidis et al., 2006, Revyakin et al., 2006). It is believed that the energy 
stored in scrunched complexes fuels promoter clearance (Haugen et al., 2008). 
Transition into the elongation complex does not require the complete dissociation of σ70 
(Bar-Nahum & Nudler, 2001, Mukhopadhyay et al., 2001, Ring et al., 1996, Shimamoto et al., 
1986). Although the overall interaction between σ70 and core RNAP is very tight, with a 
dissociation constant of 10-9 M (Gill et al., 1991), the interaction between individual sub-
domains of σ70 and core RNAP is not particularly strong (Murakami & Darst, 2003). The 
displacement of σ703.2 Loop by the growing RNA chain causes disruption between σ
70
4 and 
the β G flap helix (Vassylyev et al., 2002), which could break other sub-domain interactions, 
eventually causing the complete dissociation of σ70. Alternatively because the binding of σ702 
and σ703 to core RNAP is compatible with the RNA growing path (Gnatt et al., 2001, Korzheva 
et al., 2000, Murakami & Darst, 2003, Naryshkina et al., 2006) and the interaction between 
σ702.2 and β’ coiled coil is particularly strong, σ
70 may remain in the elongation complex (Bar-
Nahum & Nudler, 2001, Mooney et al., 2005). 
1.4.4 Simple activation by transcription factors 
The E. coli genome contains approximately 350 transcription factors which are predicted to 
bind promoters to fine-tune the activities of RNAP (Madan Babu & Teichmann, 2003, Perez-
Rueda & Collado-Vides, 2000). There are seven global transcription factors in E. coli (CRP, 
FNR, IHF, Fis, ArcA, NarL and Lrp) which control 50% of all regulated genes (Martinez-
Antonio & Collado-Vides, 2003). Transcription factors that up-regulate transcription are 
called activators. Mechanisms of simple activation by one type of activator have been 
elucidated (Browning & Busby, 2004) (Figure 1.10).  
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1.5 σ
54
-dependent transcription initiation 
1.5.1 Closed complex  
Regulation of σ70-dependent transcription often occurs at the level of RNAP recruitment. 
The σ70-RPc is short-lived; it either dissociates from the promoter or spontaneously 
isomerises to σ70-RPo (Browning & Busby, 2004, Wigneshweraraj et al., 2008). σ
54-
dependent transcription is kinetically different, where the rate-limiting step is not RPc 
formation but rather the isomerisation to RPo (Morett & Buck, 1989, Popham et al., 1989, 
Sasse-Dwight & Gralla, 1988). In addition, the isomerisation process strictly relies on a σ54 
activator (also known as a bacterial enhancer binding protein, bEBP) at the expense of ATP 
hydrolysis (Schumacher et al., 2004, Xu & Hoover, 2001, Zhang et al., 2002). 
In the σ54-dependent RPc (Figure 1.11), σ
54 recognises the consensus -24 (GG) and -12 (GC) 
elements. The spacer between the -24 and -12 elements is approximately one helical turn so 
that these elements are located on the same face of the promoter DNA – a stringent 
requirement for efficient Eσ54 binding. Deletions of the non-conserved spacer by one or 
more nucleotides abolished promoter function (Buck, 1986). Interactions at the -24 element 
are known to be dominant since mutations in σ54 that interfere with the -24 recognition 
completely abolish promoter binding, whereas mutations that interfere with the -12 
recognition still allow promoter binding (Hsieh & Gralla, 1994, Wong et al., 1994). 
Upon holoenzyme binding, a transient fork junction DNA structure is formed around the -12 
element (Figure 1.11) (Morris et al., 1994). The -12 fork junction DNA has a high affinity for 
σ54, which contributes to a high energy barrier towards RPo formation (Guo et al., 2000). The 
complex network of protein-protein and nucleo-protein interactions at the -12 fork junction 
is inhibitory for spontaneous isomerisation and is thought to involve σ54RI and σ
54
RIII (Guo et 
al., 2000, Wigneshweraraj et al., 2001). The cross-linking data showed that the DNA 
interactions in σ54-RPc were made only by σ
54 around the -12 fork junction not by RNAP β/β’, 
suggesting the core RNAP plays an indirect role in maintenance of the transcriptionally silent 
state (Burrows et al., 2008). 
Functional studies of the ‘GAFTGA’ motif of 
 
Figure 1. 11. Structural transition during σ
(σ54, brown; α, black; β, blue; β’, 
strand, light gray), transcription factor (heterodimeric IHF, scarlet), and σ
orange for alternating protomers) are shown at different stages along the transcripti
1.5.2 Intermediate complex and open complex 
1.5.2.1 Enhancer binding  
Inactive bEBP dimers associate at the ‘
higher-order oligomers (in most cases hexamers). Unlike the classic CAP binding si
proximal to RNAP, the UAS ele
(approximately from -150 to 
cases, the UAS can be located 
instance, two NtrC binding sites can still function when placed 3000bp 
transcription start site (Reitzer & Magas
gene is located 1.5kb downstream of the transcription start site 
1999).  
1.5.2.2 DNA Looping 
The UAS-bound bEBPs approach RNAP from 
the intervening DNA sequences (Figure 1.11) 
events have been directly visualised
(Rippe et al., 1997, Su et al., 1990)
(Hoover et al., 1990)) and ArgR (
Escherichia coli
41 
54
-dependent transcription initiation.
yellow), promoter DNA (template strand, dark gray; non
54 activators (light and dark 
 
upstream activation sequences’ (UAS) to form active 
ments are typically located more distal to RNAP
-100) (Buck et al., 2000, Schumacher et al., 2004)
further upstream or downstream of the promoter. For 
anik, 1986). The UAS of the Bacillus subtilis rocG
(Belitsky & Sonenshein, 
the unbound face of promoter by
(Cannon et al., 1995, Huo 
 by electron microscopy and scanning force microscopy 
. The DNA bending proteins, IHF (intergration 
arginine repressor, (Kiupakis & Reitzer, 2002)
 Phage Shock Protein F 
 
 The holoenzyme 
-template 
on pathway. 
tes 
 
. In extreme 
upstream of the 
 
 looping out 
et al., 2006); such 
host factor, 
) in E. coli, 
Functional studies of the ‘GAFTGA’ motif of 
 
participate in σ54-dependent transcription. The heterodimeric IHF binds between the UAS 
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interaction between RNAP β/β’ and promoter DNA in the intermediate complex, suggesting 
the promoter DNA is still outside the active channel in RPI (Burrows et al., 2008). Based on 
this observation and the report of σ54 able to partially melt DNA, an interesting model has 
been proposed where the promoter is partially melted outside the active channel in RPc/RPI 
then loaded in the active channel in RPo (Wigneshweraraj et al., 2008). 
1.6 Bacterial Enhancer Binding Proteins (bEBPs) 
1.6.1 ATPases Associated with various cellular Activities (AAA+ proteins) 
The bEBPs are members of the AAA+ (ATPases associated with various cellular activities) 
superfamily. The AAA+ proteins are involved in processes including: protein 
folding/unfolding/degradation, membrane fusion, DNA replication/recombination/repair, 
and transcription (Ogura & Wilkinson, 2001). Dysfunction of these proteins has directly and 
indirectly resulted in an increasing number of human diseases, including Zellweger’s type 
peroxisome-biogenesis disorders (Reuber et al., 1997), torsion dystonia  (Ozelius et al., 
1997), hereditary spastic paraplegia (Casari et al., 1998, Hazan et al., 1999), Paget’s disease 
and frontotemporal dementia (Watts et al., 2004). 
1.6.2 Domain organisation and regulation of bEBPs 
The bEBPs are modular proteins that typically consist of three domains: the N-terminal 
domain for regulation, the highly conserved central AAA+ domain for ATP hydrolysis and 
oligomerisation, and the C-terminal domain for DNA binding (Studholme & Dixon, 2003). 
Based on the domain organisation, bEBPs are classified into six groups (Figure 1.12). 
The majority of Group I bEBPs belong to the commonly found two-component systems and 
possess a receiver domain regulated by phosphorylation. In NtrC, the phosphorylated 
receiver domain exposes a hydrophobic patch which binds to an adjacent protomer, thus 
promoting oligomerisation (De Carlo et al., 2006). In contrast, the receiver domain of NtrC1 
or DctD actively represses oligomerisation of the AAA+ domain until it becomes 
phosphorylated (De Carlo et al., 2006, Meyer et al., 2001). In both cases a cognate sensor 
kinase phosphorylates a specific aspartic residue in the receiver domain (Gao & Stock, 2009, 
Scharf, Xu & Hoover, 2001).  Other Group I bEBPs, such as LevR of B. subtilis contain a 
phosphotransferase regulation domain (PRD) which is regulated by phosphorylation of a 
conserved histidine residue (van Tilbeurgh & Declerck, 2001, Wigneshweraraj et al., 2005). 
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The Group II bEBPs are regulated by direct binding of small effector molecules, such as 
heme/flavin (to the per-arnt sim (PAS) domain) or hydrocarbons (to the vinyl 4 reductase 
(V4R) domain) (Studholme & Dixon, 2003). The Group III bEBPs are regulated by protein-
protein interactions via a GAF (cGMP-specific and –stimulated phosphodiesterases, 
Anabaena adenylate cyclases and E. coli FhlA) domain (Wigneshweraraj et al., 2005). A 
number of bEBPs is comprised of the central AAA+ domain plus the DNA binding domain 
(PspF and HrpR/S, (Joly et al., 2010)) or of the receiver domain plus the central AAA+ 
domain (FlgR or CtcC, (Beck et al., 2007, Brahmachary et al., 2004)). The activities of PspF 
and HrpR/S are regulated in trans by inhibitory PspA and HrpV respectively (Studholme & 
Dixon, 2003). In Rhodobacter sphaeroides, the bEBP FleT lacks both the receiver domain and 
the DNA binding domain and forms a hetero-oligomer with FleQ (Beck et al., 2007). Well-
characterised bEBPs include: DctD, DmpR, NifA, NtrC, NtrC1, PspF, XylR and ZraR (Buck et al., 
2006, Ogura & Wilkinson, 2001, Studholme & Dixon, 2003). 
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Figure 1. 12. Domain organisation
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nucleotides at a given time. The hydrolysis model for PspF is still unclear. However, the 
discovery of ATP/ADP heterogeneous occupancy at the catalytic site indicates that PspF 
must adopt either a sequential or a rotational model (Joly et al., 2006).  
1.7 The Phage Shock Protein (Psp) Response 
1.7.1 Discovery and Function of the Psp Response 
The Phage Shock Protein (Psp) response was originally discovered in E. coli upon filamentous 
phage f1 infection (Brissette et al., 1990). The lysogenic phage particles are released from an 
exit channel connecting the inner membrane (IM) and the outer membrane (OM) without 
killing the host. Ten to twelve subunits of phage-encoded pIV protein form the OM 
membrane part of the exit channel (Kazmierczak et al., 1994, Russel et al., 1997). 
Distribution of pIV in both IM and OM induces continuous and abundant production of a 
25.5kDa protein in E. coli, later named Phage Shock Protein A (PspA). However, the pIV 
variants that remain in the cytosol or are unable to multimerize cannot induce the Psp 
response (Russel, 1994, Russel & Kazmierczak, 1993). The Psp response is also induced by 
numerous conditions that impair membrane integrity (such as proton ionophores and 
heat/10% Ethanol/hyperosmotic shock) and is not confined to E. coli (Darwin, 2005, Joly et 
al., 2010, Model et al., 1997). 
The Psp response has a bifunctional role: (i) it helps maintain the cell’s energetic state under 
membrane stress, and (ii) is involved in virulence of Gram negative bacteria. Damages to the 
cell envelope cause proton leakage, resulting in the loss of proton motive force (PMF) and 
ATP source. It is not clear how the Psp response counteracts membrane stress. However, 
the PspA scaffold network has been proposed to directly block the leakage (Kobayashi et al., 
2007). In transcriptomic analyses, Psp effectors down-regulate chemotaxis, motility and 
aerobic respiration but up-regulate anaerobic respiration, cation intake, protein assembly 
and secretion (Jovanovic et al., 2006). Psp gene expression is elevated during Salmonella 
typhimurium and Shigella flexneri infections (Eriksson et al., 2003, Lucchini et al., 2005) and 
during E. coli biofilm formation (Beloin et al., 2004). 
1.7.2 Components of the Psp response 
The psp regulon in E. coli consists of 7 genes organized on two chromosomal loci (Figure 
1.14): the polycistronic pspABCDE operon (Brissette et al., 1991, Jovanovic et al., 1996) and 
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the monocistronic pspG gene (Green & Darwin, 2004, Lloyd et al., 2004). Both operons are 
under the control of a σ54-dependent promoter and the activator PspF. The promoter of 
PspF however is σ70-dependent, but repressed by PspF.  
PspA can be found in both the cytosolic and IM fractions of the cell (Brissette et al., 1990); it 
functions as a negative regulator of PspF and an effector of the Psp response (Darwin, 2005, 
Model et al., 1997). Low resolution structural studies revealed that PspA can exist as a ring-
like 36-mer, and as a clathrin-like structure (Haag et al., 2009, Hankamer et al., 2004, 
Standar et al., 2008). It is the 36mer oligomeric state of PspA that effectively blocks the 
proton leakage from liposomes and vesicles in vitro (Kobayashi et al., 2007). However, Joly 
et al observed that 6 PspAs associating with the hexameric PspF were required to exert 
negative regulation, and proposed that the change in the oligomeric state of PspA may be 
key in switching between its effector and negative regulator functions (Joly et al., 2009). 
PspB and PspC are integral IM proteins that may facilitate the release of PspA negative 
regulation, as binary interactions have been observed between PspA and PspB (in the 
presence of PspC) and between PspA and PspC (Adams et al., 2003, Jovanovic et al., 2010).  
PspD, PspE and PspG are not known to have any major involvement in psp-mediated 
transcriptional regulation (Jovanovic et al., 2006). PspD may substitute for, or work 
synergically with, PspA as an effector (∆pspD has similar phenotypes as ∆pspA, (Jovanovic et 
al., 2006)). PspE is a rhodanese (catalyses the transfer of the sulfane sulfur from thiosulfate 
to cyanide forming thiocyanate and sulfite) located in the periplasmic space (Adams et al., 
2002). PspG together with PspA controls high level expression of the ArcB/ArcA system 
(Jovanovic et al., 2006). The Arcb/ArcA system is required to propagate induction of the psp 
response under microaerobic conditions (Jovanovic et al., 2009). 
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1.7.3.1 Catalytic site 
The ATP catalytic site of PspF is composed of both cis-acting residues (Walker A/B) and tran-
acting residues (Arg-fingers) in the highly conserved central AAA+ domain (residues 1-275 in 
PspF, thus called PspF1-275, capable of activating transcription on its own).  
The Walker A motif (residues 37-45 in PspF) contains a highly conserved ‘GxxxxGK(T/S)’ 
consensus (where x represents any residue) and is directly involved in ATP binding. The 
conserved Lys (K42 in PspF) is thought to coordinate the β- and γ-phosphates. Thus 
mutation of this residue completely abolished ATP binding (Schumacher et al., 2004). PspF, 
like many other bEBPs, utilises a Glu (E43 in PspF) instead of the consensus ‘T/S’ for Mg2+ 
coordination (Ogura & Wilkinson, 2001, Zhang & Wigley, 2008). 
The Walker B motif (residues 107-111 in PspF) contains a highly conserved ‘hhhhDE’ 
consensus (where h represents any hydrophobic residue) and is more directly involved in 
ATP hydrolysis. The conserved Asp (D107 in PspF) participates in Mg2+ coordination with E43, 
and the conserved Glu (E108 in PspF) polarises a water molecule to make it more 
nucleophilic for the γ-phosphate attack (Buck et al., 2006, Ogura et al., 2008, Ogura & 
Wilkinson, 2001, Zhang & Wigley, 2008). Nearly all of the constructed Walker B mutants 
formed constitutive hexamers, and all of them exhibited an increase in ATP binding but a 
drastic reduction in ATP hydrolysis (Joly et al., 2007).  
The Arg-fingers protrude into the catalytic site from an adjacent protomer, participating in 
ATP hydrolysis by stabilising the build-up of negative charge during formation of the ATP 
transition state (Augustin et al., 2009, Greenleaf et al., 2008, Ogura et al., 2008, Ogura & 
Wilkinson, 2001). There are two putative Arg-fingers in PspF, R162 and R168 (Schumacher et 
al., 2004, Zhang et al., 2002); however their precise roles in ATP hydrolysis remain unclear 
(Schumacher et al., 2006). 
1.7.3.2 Loop (L1/L2) function 
The low resolution Cryo-EM studies revealed two connecting densities (Figure 1.16) 
between σ54 and PspF1-275 hexameric plane (Rappas et al., 2005). By fitting six monomeric 
PspF1-275 crystal structures into the Cryo-EM contour, it has been suggested that at least two 
L1s are involved in σ54 contact (Figure 1.16). 
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nucleotide-bound states (Apo, ATP and ADP) provided insights of how this energy coupling 
step successfully transforms chemical energy into mechanical motions.   
In the Apo (no nucleotide) state, L1 is flexible and is probably in a slightly bent configuration 
by the E76 (Helix 3)-H92 (stem of L1) interaction pair (Rappas et al., 2006). Upon ATP 
binding, the γ-phosphate is sensed by E108 (Linker 2) which in turn interacts with N64 
(Linker 1, Figure 1.15B). As a result of the N64-E108 interaction, both Linker 1 and Linker 2 
relocate from the previous Apo positions, leading to rotation of Helix 3 and Helix 4. 
Consequently the E76-H92 interaction is disrupted, resulting in an almost perpendicular 
projection of L1, ready for σ54 contact (Rappas et al., 2006). After hydrolysis, E108 rotates 
nearly 90° to interact with Sensor I residue T148 (Figure 1.15 insert). L1 in the ADP bound 
state is thought to be locked in a folded conformation by the F85 (‘GAFTGA’ motif)-S75 
(stem of Helix 3) interaction (Figure 1.15B), unable to contact σ54 (Rappas et al., 2005). The 
N64-E108 pair has been proposed to switch PspF from an active to an inactive state and vice 
verse (Zhang & Wigley, 2008), and the distance between the two residues are conserved in 
many AAA+ proteins (Joly et al., 2008a). Based on the above hypothesis, it is possible that 
the disruption of the N64-E108 switch pair completely abolishes σ54 contact. However, the 
removal of side chain interaction of either N64 (N64A) or E108 (E108A) still allowed L1-σ54 
interaction in a NTP-dependent manner (Joly et al., 2008b, Joly et al., 2007). 
N64 also plays an important role in negative regulation of PspF by PspA. Residues N64 and 
W56 are both located in Linker 1; W56 is thought to be a docking point of PspA (Elderkin et 
al., 2005). PspA binding may trigger the relocation of Linker 1, which via the N64-E108 
switch pair may affect the side chain orientation of Walker B residues (D107 and E108) 
required for ATP turnover. Indeed, the ATPase activity of PspF was greatly reduced upon 
PspA binding (Joly et al., 2009). 
Chen et al (Chen et al., 2010) recently elucidated the crystal structure of the heptameric 
bEBP NtrC1 in the presence of ATP (PDB entry 3M0E) and proposed a new energy coupling 
model. The driving force for L1 and L2 movement was proposed to be the Arg-finger (NtrC1 
R299, (Chen et al., 2010)) instead of the N64-E108 switch pair as in PspF (Zhang & Wigley, 
2008). Upon ATP binding, the Arg-finger residue R299 changed from interacting with the 
trans Sensor II residue (R357) to interacting with the γ-phosphate. The projection of the 
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NtrC1 Arg-finger towards the γ-phosphate was accommodated by a kink in Helix 9 (Helix 4 in 
PspF). The kink of NtrC1 Helix 9 shifted the rigid body roll (containing L1, L2, Helix 8 and 
Helix 9) upwards, enabling L1 to present the ‘GAFTGA’ motif for σ54 interaction.  
1.7 Objectives of this study 
Apart from the strong implication in σ54 contact, other potential roles of the PspF ‘GAFTGA’ 
motif remain largely unexplored. Based on the existing structural and biochemical data, the 
following questions can be asked: (i) does σ54 interaction require only T86 or concerted 
effort of multiple ‘GAFTGA’ residues, (ii) does the ‘GAFTGA’ motif contact the core RNAP, (iii) 
does the ‘GAFTGA’ motif directly contact the promoter DNA, especially the -12 region (Bose 
et al., 2008), (iv) what is the contribution of the ‘GAFTGA’ motif to the -12 inhibitory fork 
junction formation, DNA melting and energy coupling, and (v) whether L1 can be located 
near the protomer interface and play a role in self-association.  This study focused on 
addressing the above questions and validating current hypotheses by using an array of 
biochemical approaches (Chapter 3). In addition, a new cross-linking method was adopted 
to overcome the previous technical limitations (Chapter 4). 
The protomer interface is important for self-association and organisation of the catalytic site. 
Two putative Arg-fingers have been identified in PspF, yet their roles in catalysis are unclear. 
One aim of this study was to elucidate their functions and to identify new critical cis- or 
trans-acting residues (Chapter 5).  
It has been shown that both σ54 and σ70 bind to overlapping areas on the core RNAP 
(Wigneshweraraj et al., 2000); the region responsible for σ docking could be the β’ coiled 
coil motif (Arthur et al., 2000). One aim of this study was to assess the impact of the β’ 
coiled coil substitutions on σ54-dependent transcription activation (Chapter 6).  
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Chapter 2 Materials and Methods 
2.1 General lab techniques 
2.1.1 Bacterial strains, plasmids, DNA probes, primers and NTPs 
The E. coli strains, plasmids, primers (Operon) and oligonucleotides (Sigma) used in this 
study are summarized in Appendices A to D. The dATP, ATP and ADP were purchased with 
the highest purity level from Sigma.  
2.1.2 Media 
The media used for growing bacterial strains are listed in Table 2.1. 
Medium Composition (per Liter) 
LB (Luria Bertani Broth) 10 g peptone, 5 g yeast extract, 5 g NaCl 
2x Na+ 10 g peptone, 5 g yeast extract, 10 g NaCl 
SOB 20 g Tryptone, 5 g yeast extract, 2 ml of 5 M NaCl, 2.5 ml 
of 1 M KCl, 10 ml of 1 M MgCl2, 10 ml of 1 M MgSO4 
SOC SOB + 1 ml of 2 M Glucose 
LA (LB agar) 10 g peptone, 5 g yeast extract, 5 g NaCl, 15 g Agar 
Table 2. 1. Media used in this study. 
2.1.3 Protein and DNA Gels 
2.1.3.1 Protein gel 
Protein samples mixed with 2x Laemmli Buffer (Sigma) were loaded on 7.5%, 10% or 12.5% 
SDS resolving gels (stacked with 4.5% SDS stacking gels), using a BioRad Protean Tetra Cell 
system. Low Range SDS PAGE standards (BioRad) were used as protein markers. After 
boiling at 95°C for 5 min in 1x Laemmli Buffer, the denatured protein samples were run at 
70mA for 35 min in 1x SDS Buffer (National Diagnostics, 25 mM Tris, 192 mM glycine, 1% 
SDS).  The native gel was run at 120V for 50 min in 1x TG buffer (BioRad, 25 mM Tris, 192 
mM glycine pH8.3).  
SDS gel  Native gel 
Reagents Resolving Stacking  Reagents 4.5% 
7.5% 10% 12.5% 4.5%  
Acrylamide 2.5 ml 3.3 ml 4.2 ml 0.6 ml  Acrylamide 0.75 ml 
Solution II 2.5 ml 2.5 ml 2.5 ml -  10x TG 0.5 ml 
Solution III - - - 1 ml  H2O 3.75 ml 
H2O 5 ml 4.2 ml 3.3 ml 2.4 ml  10% APS 50 μl 
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10% APS 100 μl 100 μl 100 μl 40 μl  TEMED 5 μl 
TEMED 10 μl 10 μl 10 μl 4 μl    
Table 2. 2. Protein gels used in this study. Acrylamide solution (National Diagnostics) contains 37.5: 
1 Acrylamide: Bis-acrylamide. Solution II contains 1.5 M Tris-HCl pH8.8, 0.3% (w/v) SDS. Solution III 
contains 0.5 M Tris-HCl pH6.8, 0.3% (w/v) SDS. TEMED (Sigma) stands for N, N, N’, N’-
Tetramethylethylenediamine. 
2.1.3.2 Agarose gel 
Agarose gels were used to separate plasmids and DNA fragments in a BioRad Mini-gel cell 
GT system. Typically 1% (w/v) agarose was dissolved by heating in 60 ml 1x TBE Buffer 
(National Diagnostics, 89 mM TrisBorate pH8.3, 2 mM Na2EDTA). SYBR Safe DNA Gel Stain 
(Invitrogen) was added to the gel at a final concentration of 10% (v/v). DNA samples were 
mixed with 5x FEB buffer (25% (w/v) ficoll, 62.5 mM EDTA, 1 mg/ml bromophenol blue) and 
loaded along with 15 μl of DNA ladder (Fermentas, GeneRuler 1kb, 0.5 μg/μl). The gel was 
run at 130V in 1x TBE Buffer for approximately 30min.  
2.1.3.3 Sequencing gel 
Abortive gel  Full-length gel 
Reagents 20%  Reagents 4% 10% 
UreaGel Concentrate 20 ml  UreaGel Concentrate 8 ml 20 ml 
SequaGel Diluent 2.5ml  SequaGel Diluent 37 ml 25 ml 
10x TBE 2.5 ml  10x TBE 5 ml 5 ml 
10% APS 200 μl  10% APS 500 μl 500 μl 
TEMED 20 μl  TEMED 40 μl 40 μl 
Table 2. 3. Sequencing gels used in this study. The UreaGel concentrate and SequaGel Diluent were 
purchased from National diagnostics. 
Transcription and footprinting samples were mixed with 3x Formamide Stop dye (3 mg 
xylene cyanol, 3 mg bromophenol blue, 0.8 ml 250 mM EDTA, 10 ml deionized formamide 
for a final volume of 10 ml), heated (95°C for 5 min) and loaded on either 4% or 10% 
sequencing gels. The abortive gels were run under 300V for 35 min in 1x TBE buffer in a MBI 
TV200 gel system. The full-length gels were run under 50W for 1.5-2 h in 1x TBE buffer in a 
BioRad Sequi-Gen GT system. 
2.1.4 DNA manipulation 
2.1.4.1 Plasmid prep/PCR clean-up/Gel extraction 
Plasmids were purified from 5 ml over-night (o/n) cultures grown in 2x Na+ media with 
appropriate antibiotics using the QIAprep Spin Miniprep Kit (Qiagen). Plasmids were double-
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eluted with H2O (35 μl + 35 μl) to increase the yield. Large-scale plasmid preparations were 
performed using 1L o/n cultures using the Qiagen Maxiprep Kit (Qiagen), eluted in 500μl of 
H2O and quantified by Nanodrop 1000 (NanoDrop) at 260nm wavelength. The concentration 
of plasmid (in nM) was calculated by the following equation: 
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The PCR products were cleaned up using the QIAquick PCR Purification Kit (Qiagen) and 
eluted in 50 μl of H2O. DNA fragments were extracted from agarose gel using the QIAquick 
Gel Extraction Kit (Qiagen) and eluted in 50 μl of H2O. 
2.1.4.2 PCR for cloning 
The desired DNA fragment was amplified from the plasmid. A pair of primers (Appendix C) 
typically of 25 nt flanks the desired DNA region.  
PCR reaction Volume in 50 μl  PCR cycle Temperature/Duration 
10x Pfu Buffer 5 μl  Denaturation 95°C for 1 min 
40mM dNTP mix (Promega) 1 μl  95°C for 30sec 
H2O 37 μl  Annealing Tm-5°C for 1 min 
Plasmid 4 μl  Extension 68°C for 12 min 
10μM Forward primer 1 μl  Repeat cycle 16x 
10μM Reverse primer 1 μl  Hold 4°C 
Pfu Ultra II (Stratagene) 1 μl    
Table 2. 4. PCR reaction mixture and cycle for molecular cloning. 
2.1.4.3 PCR site-directed mutagenesis 
Site-directed mutagenesis (Stratagene, QuickChange Site-Directed Mutagenesis Kit) was 
performed on plasmids. A pair of complementary primers (25 nt) harbouring the altered 
target codon in the middle was used. The PCR products were treated with DpnI (Fermentas) 
to rid of the GATC-methylated parental plasmids. 
PCR reaction Volume in 50μl  PCR cycle Temperature/Duration 
10x Pfu Buffer 5 μl  Denaturation 95°C for 1 min 
dNTP mix (Proemga) 1 μl  95°C for 30 sec 
H2O 37 μl  Annealing Tm-5°C for 1 min 
Plasmid 4 μl  Extension 68°C for 10 min 
10μM Forward primer 1 μl  Repeat cycle 17x 
10μM Reverse primer 1 μl  Hold 4°C 
Pfu Ultra II (Stratagene) 1 μl    
Table 2. 5. PCR site-directed mutagenesis. 
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2.1.4.4 Restriction digestion of DNA 
Ten μl of plasmid DNA was digested in a 20 μl reaction volume using 1 μl of FastDigest 
restriction enzymes (Fermentas) at 37°C for 30 min. The digest was run on an agarose gel, 
excised and extracted.  
2.1.4.5 Ligation 
The vector backbone and the inert were ligated in a molar ratio of 1:3 using the Quick 
Ligation Kit (NEB) at room temperature for 20 min. The reaction mixture contains: 2 μl of 
vector backbone, 2 μl of insert, 5 μl of 2x reaction buffer and 1 μl of Fast Ligase.  
2.1.4.6 DNA sequencing 
Seven μl of plasmid DNA was mixed with 3 μl of a sequencing primer and sequenced by DNA 
Core Laboratory of MRC (Clinical Sciences Centre, Hammersmith Hospital, London, W12 
0NN). Sequences were aligned by using Vector NTI (Invitrogen) against the NCBI database.  
2.1.5 Preparation of chemically-competent cells 
2.1.5.1 Standard competent cells (for plasmids <10kb) 
Five ml of o/n cultures were used to inoculate 200 ml of LB cultures (in 1 L shake flasks) 
using a 1:200 dilution (complemented with appropriate antibiotics). Cells were shaken at 
37°C, allowed to grow to OD600 = 0.2, harvested by centrifugation (4500rpm for 10 min at 
4°C), resuspended in 40 ml of ice-cold 50 mM CaCl2/15% (v/v) glycerol, and left on ice for 20 
min. After centrifugation, cells were resuspended in 2 ml of cold 50 mM CaCl2/15% (v/v) 
glycerol and aliquoted in 80 μl volumes (stored at -80°C).  
2.1.5.2 Ultracompetent cells (for plasmids >10kb) 
Bacterial colonies (10-12) were directly used to inoculate 250 ml of SOB cultures (in 1 L 
shake flasks) with appropriate antibiotics. Cells were grown with shaking at 18°C up to OD600 
= 0.6 (approximately 36 h), incubated on ice for 10 min, harvested (2500rpm for 10 min at 
4°C), resuspended in 80 ml of ice-cold ITB (Inoue’s Transformation Buffer, 55 mM MnCl2, 15 
mM CaCl2, 250 mM KCl, 0.5 M PIPES pH6.7 for 1 L), and left on ice for 10 min. After 
centrifugation, cells were resuspended in 20 ml of cold ITB with 1.5 M DSMO (dimethyl 
sulfoxide), left on ice for 10 min, and finally aliquoted in 200 μl volumes (stored at -80°C).  
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2.1.6 Transformation by heat shock 
2.1.6.1 Standard transformation 
Plasmid DNA (<10 kb) was mixed gently with 80 μl of thawed (on ice) chemically-competent 
cells and incubated on ice for 30 min. After 1min heat shock at 37°C, cells were incubated on 
ice for 5 min, recovered in 750 μl of LB at 37°C for 1 h and finally plated with appropriate 
antibiotics for selection at 37°C.  
2.1.6.2 Ultracompetent cell transformation 
Plasmid DNA (>10 kb) was mixed gently with 200 μl of thawed (on ice) ultracompetent cells 
and incubated on ice for 30 min. After heat shock at 42°C for 30 sec, cells were incubated on 
ice for 5 min, recovered in 800 μl of pre-warmed SOC for 1 h, and finally plated with 
appropriated antibiotics for selection at 37°C.  
2.1.7 Folin-Lowry Protein Quantification 
The measurement of protein concentration with copper and the Folin reagent is more 
sensitive than the ninhydrin reaction or the biuret reaction (Lowry et al., 1951). In the 
presence of Cu2+, Folin reagent and alkaline pH, electron transfer is enhanced from the 
peptide backbone to reduce the phosphomolybdic/phosphotungstic acid complexes to 
chromogens.  
Typically 100 μl of protein solution (1 μl of sample protein added to 99 μl of H2O) were 
added to 1 ml of fresh mix (98 ml of 2% (w/v) Na2CO3 in 0.1 M NaOH, 1 ml of 2% (w/v) Na
+ 
K+ tartrate, 1 ml of 1% (w/v) CuSO4•5H2O) in triplicate, vortexed briefly and incubated at 
37°C for 10 min. A series of 100 μl of BSA standard solutions (concentrations from 0.0083 
mg/ml to 0.099 mg/ml) was prepared in duplicate and incubated with the fresh mix at 37°C 
for 10 min. After the initial incubation, 100 μl of Folin: H2O (1: 1) (Folin-Ciocalteu’s Phenol 
Reagent, Sigma) were added to protein and BSA standard solutions for a further 20 min 
incubation at 37°C. The colourimetric change was measured at 750 nm and converted to 
protein concentrations by calibrating with the BSA standards.  
2.1.8 β-galactosidase assay 
The β-galactosidase assay is an in vivo method to assess the level of transcription from a 
specific promoter. In this study, each PspF1-275 variant was produced from an ara-inducible 
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pBAD18-Cm plasmid (Guzman et al., 1995) and used to activate the σ54-dependent pspA 
promoter-lacZ reporter fusion on the chromosome.  The protein product β-galactosidase 
hydrolyses a lactose analogue, ONPG (o-nitrophenyl-β-D-galactose), to generate a yellow 
chromogen orthonitrophenol (2,4-di-nitrophenol). Assuming a similar amount of PspF1-275 
variant was produced from each plasmid, the higher the activity of that PspF1-275 variant, the 
more β-galactosidase produced, the faster the colourimetric change.  
Fifty μl of o/n cultures were used to inoculate 5 ml of LB day cultures with appropriate 
antibiotics. Cultures were grown at 37°C until OD600 = 0.15 then induced with 0.4% 
arabinose for 1 h. The cell density was determined and 10-500 μl of culture (depending on 
the rate of colourimetric change) were added to Buffer Z (8.52 g Na2HPO4, 6.24 g 
NaH2PO4•2H2O, 0.75 g KCl, 0.25 g MgSO4•7H2O, 135 μl of 99% β-mercaptoethanol for 1 L) to 
make a 1 ml final volume. Cells were lysed in the presence of 50 μl of chloroform by 
vortexing for 30 sec and mixed with 200 μl of pre-warmed ONPG (0.08 g ONPG in 20 ml 
Buffer Z) at 30°C. The reaction was timed from the addition of ONPG and quenched by 500 
μl of 1 M Na2CO3 when the solution turned pale yellow. The colourimetric change was 
analysed at OD420 and the protein activity was expressed in Miller units (MU): 
 !""#$ %&!' (  
)  
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 +,
. All reactions were performed in biological 
replicate and in technical triplicate.  
2.1.9 In-gel digestion for Mass Spectroscopy 
Mass spectroscopy (MS) has been widely used for determination of the elemental 
composition of a sample or elucidation of molecular structures based on ionization and 
mass-to-charge ratio. In this work, MS was adapted to determine the protein cross-linking 
site.  
Coomassie-stained protein bands were excised from the SDS gel, diced to 1mm2 pieces and 
placed in 0.65 ml siliconised tubes (Sigma). The hydrophobic interaction between protein 
and Coomassie stain was disrupted by addition of 100 μl of 25 mM NH4HCO3/50% 
acetonitrile (ACN). Samples were vortexed for 10 min and supernatants were discarded. This 
step was repeated until the Coomassie stain was no longer visible. The gel pieces were dried 
by Speed Vac for 20 min.  
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Dried gels were reduced by 25 μl of 10 mM DTT/25 mM NH4HCO3 at 56°C for 1 h. After 
removal of the supernatant, wet gels were alkylated by freshly made 25 μl of 55 mM 
iodoacetamide in the dark at room temperature. Gels were vortexed in 100 μl of NH4HCO3 
for 10min and dehydrated by vortexing in 100 μl of 25 mM NH4HCO3/50% ACN for 5 min 
(repeat dehydration step once). Enzymatic digestion proceeded after completely drying the 
gels. Typically 12.5 μl of 12.5 ng/μl digestion enzymes (trypsin/chymotrypsin/AspN) with 
appropriate buffers were added to 25 mM NH4HCO3 to a final volume of 100 μl. The 
digestion mixture was left on ice for 10 min to rehydrate the gels and incubated at 37°C o/n.  
The digested solution was transferred to a clean siliconised tube. The gel pieces were 
vortexed in 30 μl of 50% ACN/5% formic acid for 30 min, spun and sonicated for 5 min 
(repeat once). The digested solution from the same sample was pooled together and the 
protein fragments were extracted by ZipTips (Millipore). The ZipTip was washed with 10 μl 
of 50% ACN, equilibrated with 10 μl of 0.1% formic acid, loaded with sample, equilibrated 
with 10 μl of 0.1% formic acid again, and eluted with 10 μl of 0.1% formic acid/50% 
methanol in MS tubes. Samples in MS tubes were dried in Speed Vac and dissolved in 15 μl 
of LCMS buffer (3% ACN/0.1% formic acid), ready for MS analysis.  
2.1.10 Phenol extraction 
Phenol extraction was used in this study for extracting radio-labelled DNAs from protein 
digestion mixtures. DNA samples were vortexed for 10 sec with 250 mM Ammonium 
Acetate and 50% (v/v) phenol in a total volume of 200 μl. After centrifugation (14000rpm for 
5 min), the top aqueous phase (containing DNA samples) was extracted and mixed with 100 
μl chloroform: isopropanol (24: 1) solution to remove traces of residual phenol. The top 
aqueous phase (containing DNA samples) was transferred to a new Eppendorf tube.  
2.1.11 Isopropanol precipitation 
The phenol-extracted DNA sample was mixed with 100 μl of isopropanol and frozen at -80°C 
for 1 h. After 20 min centrifugation at 14000rpm, the supernatant was carefully decanted. 
One hundred micro-liters of 70% ethanol were used to resuspend the DNA sample. After 
removal of ethanol, the DNA pallet was resuspended in H2O.  
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2.2 Specific techniques used in this work 
2.2.1 Protein Expression and Purification 
2.2.1.1 Standard PspF1-275 variants 
One liter of LB was inoculated with 20 ml of o/n culture in the presence of 25 μg/ml of 
Kanamycin (Kan). Cells were grown at 37°C with shaking to the exponential phase (OD600 = 
0.4-0.6). Induction was carried out with 0.5 mM IPTG (Isopropyl thio-β-D-galactoside) at 
25°C for 3 h. Bacterial cells were harvested by centrifugation (6000rpm at 4°C for 15 min) 
and resuspended in Lysis Buffer (20 mM TrisHCl pH8.0, 500 mM NaCl, 5% (v/v) glycerol). 
Half a tablet of the protease inhibitor cocktail (Roche) was added to the resuspension to 
prevent protein degradation. Cells were lysed by two rounds of sonication (10 min intervals, 
2 sec on/off, 40% amplitude).  
The soluble fraction was loaded on 2x HiTrapTM 5ml Chelating HP Columns (GE Health) which 
were pre-charged with 20 mg/ml NiCl2. The AKTA (GE Health) system was used for all 
purifications. Buffer A (25 mM TrisHCl pH8.0, 500 mM NaCl, 5% (v/v) glycerol) and Buffer B 
(Buffer A + 1 M imidazole) were used for washing and elution respectively. Proteins were 
washed with Buffer A and 7% Buffer B, eluted with a linear gradient of Buffer B (1 mg/min, 
40 min to 100% Buffer B), dialysed o/n in TGED Buffer (20 mM TrisHCl pH8.0, 50 mM NaCl, 1 
mM DTT, 0.1 mM EDTA, 5% (v/v) glycerol) in a dialysis tube (MWCO = 10 kDa, Spectrum 
Laboratory), and stored at -80°C.  
2.2.1.2 PspF1-275 pBpa variants 
The expression of PspF1-275 pBpa variants relies on two plasmids in the E. coli (Ec) cells: (i) the 
pET28b-PspF1-275 and (ii) the pDULE-pBpa. The site of pBpa incorporation was first 
mutagenised by PCR to an amber stop codon (UAG) in pET28b-PspF1-275 plasmid. Amino acid 
incorporation by the E. coli tRNA-tRNA synthetase pair would stop at the intrinsic UAG. 
However, the pDULE-pBpa plasmid encodes a Methanococcus jannaschii (Mj) tRNA-tRNA 
synthetase pair which has been evolved to specifically charge the intrinsic UAG with an 
artificial amino acid, pBpa. Thus PspF1-275 pBpa variants can be obtained. The mechanistic 
details are illustrated in Figure 2.1.  
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100% Buffer B) and dialysed in 20 mM TrisHCl pH8.0, 200 mM NaCl, 0.1 mM EDTA, 1 mM 
DTT and 50% (v/v) glycerol. 
2.2.1.4 Core RNAP 
Core RNAPs were purified following the same Ni-affinity chromatography protocol as for σ 
factors.  
2.2.2 His-tag Cleavage 
Except for σ54- and σ70-HMK, all the PspF1-275 variants, σ factors and core RNAP variants were 
cleaved by biotinylated-thrombin (Thrombin Cleavage Capture Kit, Novagen) for 3 h at room 
temperature to remove the (His)x6-tags. Residual uncleaved proteins and biotinylated-
thrombins were removed by Ni-NTA agarose beads (Qiagen) and streptavidin agarose beads 
(Novagen) respectively.  
2.2.3 ATPase assay 
Reactions were conducted in 10 μl volumes, containing: ATPase Buffer (20 mM TrisHCl 
pH8.0, 50 mM NaCl, 15 mM MgCl2, 0.1 mM EDTA, 10 μM DTT), 4 μM PspF1-275 variants, 1 
mM unlabelled ATP, and 0.6 μCi/μl [α-32P] ATP (3000 Ci/mmol). PspF1-275 variants were pre-
incubated with ATPase Buffer at 37°C for 5 min. Hydrolysis started by addition of ATP 
mixture at 37°C. Different time points were taken to ensure the maximal turnover rate (kcat, 
where ADP concentration increases linearly with time) was achieved. Reactions were 
quenched by the addition of 5x volumes of 2 M formic acid. Radio-labelled ADP was 
separated from radio-labelled ATP on a thin layer chromatography (TLC) plate (Polygram Cel 
300 PEI, Macherey-Nagel) in 0.4 M K2PO4/0.7 M boric acid solvent. The TLC plates were 
exposed to IP plates (Fuji) for 1 h and scanned by phosphorimager (Fuji Bas-1500). The 
ATPase activity of each PspF1-275 variant was quantified by AIDA image analyzer, expressed in 
kcat (min
-1) and compared to PspF1-275 WT. All the reactions were performed in at least 
triplicate.  
The steady-state ATP hydrolysis for the interface variants was measured in real-time by 
adopting an NADH-coupled regeneration system (Norby, 1988). The rationale of this 
regeneration system is outlined by the following chemical reactions: 
./0 1 234 
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Pi, inorganic phosphate; PEP, phosphoenolpyruvate; PK, pyruvate kinase; Py, pyruvate; LDH, 
lactate dehydrogenase; La, lactate.  
The ATPase activity was measured at 37°C in a 100 μl final volume: 25 mM Tris-HCl (pH 8.0), 
100 mM KCl, 10 mM MgCl2, 1 mM DTT, 1 mM NADH, 10 mM phosphoenolpyruvate, 10 U/ml 
pyruvate kinase, 20 U/ml lactate dehydrogenase, ATP (from 0 mM to 50 mM) and PspF1-275 
(from 0 to 20 μM). The rate of NADH absorbance decrease at 340 nm is proportional to the 
rate of steady-state ATP hydrolysis.  
2.2.4 Gel filtration through Superdex 200 column 
The PspF1-275 variants were pre-incubated for 5 min on ice in gel filtration buffer (20 mM 
TrisHCl pH8.0, 50 mM NaCl, 15 mM MgCl2, ± 0.4 mM ADP or ATP). Fifty micro-liters of each 
sample were injected into the Superdex 200 Column (GE Health) assembled on an AKTA 
system (GE Health) pre-equilibrated with the same buffer. Chromatography was performed 
with a flow rate of 0.5 ml/min either at room temperature or at 4°C. The calibration curve 
was obtained with the following globular proteins: thyroglobulin (669kDa), apoferritin 
(443kDa), β-amylase (200kDa), BSA (66kDa) and carbonic anhydrase (29kDa).  
2.2.5 
32
P DNA end-labelling and duplex formation 
The 32P end-labelling of 1 μM single-stranded DNA was carried out in the presence of 1 unit 
of T4 polynucleotide kinase (T4 PNK, USB) and 1 μl of [γ-32P] ATP at 37°C for 30 min. The T4 
PNK was deactivated by heating at 65°C for 10 min.  
The 32P-labelled (or unlabelled) DNA was mixed with its unlabelled complementary strand in 
1x TM Buffer (10 mM TrisHCl pH8.0, 10 mM MgCl2), heated at 95°C for 5 min and cooled 
gradually to allow duplex formation. The complete list of duplex DNA used in this study can 
be found in Figure 2.2. These linear DNA probes (32P labelled or unlabelled) were used in 
‘trapping’ reactions, supershift assays, transcription assays, UV cross-linking and 
footprinting reactions. Gels were exposed to IP plates, analysed by a phosphoimager and 
quantified by AIDA software.  
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Figure 2. 2. Linear DNA probes used in this study. All the linear DNA probes were designed based on 
the Sinorhizobium meliloti nifH promoter with the top strand representing the non-template (NT) 
strand and the bottom strand the template (T) strand. The conserved -24 (GG) and -12 (GC) 
elements along with the transcription start site are highlighted in blue. The mismatched sequences 
are highlighted in red and their positions are indicated in the name of the duplex. The positions of 
nicking and truncation are indicated inside the bracket in the name of the duplex. 
2.2.6 
32
P-labelling of HMK-tagged proteins 
The 32P-labelling of HMK-tagged proteins (σ and σ fragments) proceeded in 100 μl volumes 
at 37°C for 30 min: 1x HMK Buffer (20 mM TrisHCl pH6.4, 100 mM NaCl, 12.5 mM MgCl2, 1 
mM DTT and 12.5% (v/v) glycerol), 10 μCi/μl of [γ-32P] ATP (3000 Ci/mmol) and 5 U of 
protein kinase A (PKA, Sigma). 
2.2.7 Supershift assay (σ
54
-DNA isomerisation) 
Reactions were conducted in 10 μl volumes containing: 10 μM PspF1-275 variants, 4 mM dATP, 
2.35 μM σ54, 50 nM radio-labelled DNA in 1x STA Buffer (2.5 mM Tris-Acetate pH8.0, 8 mM 
Mg-acetate, 10 mM KCl, 1 mM DTT, 3.5% (w/v) PEG 8000). Samples were incubated at 37°C 
for 15 min before mixed with 2.5 μl of 5x Native loading dye (10% (v/v) glycerol, 0.5mg 
bromophenol blue). Native gels were dried, developed for 30min, scanned by a 
phosphorimager and quantified by AIDA software (Bio Imaging).  
2.2.8 ‘Trapping’ assays with nucleotide analogues 
Typically in 10 μl final volumes, 2.35 μM σ54, (±) 0.225-0.3 μM core RNAP and (±) 50 nM 
radio-labelled DNA were pre-incubated with 1x STA Buffer, 5 mM NaF and nucleotides (4 
mM ATP or ADP or AMP) at 37°C for 5 min to allow RPc formation. Ten μM of PspF1-275 and 
0.4 mM AlCl3 were added sequentially to allow the formation of ‘trapped’ complexes (ADP-
AlFx or AMP-AlFx dependent). Reaction mixtures were incubated at 37°C for 15 min before 
loaded on a 4.5% native gel. When radio-labelled DNA was used, the native gel was dried, 
developed for 30 min and analysed by a phosphorimager.  
2.2.9 UV cross-linking using an APAB cross-linker 
Initially, the ADP-AlFx ‘trapping’ reactions (see above) were performed in the dark with 
50nM of 32P-labelled p-azidophenacyl bromide (APAB, Sigma)-conjugated 
phosphorothioated promoter probes (see Figure 2.3 for the reaction rationale, (Burrows et 
al., 2004, Mayer & Barany, 1995)). Reactions were then UV irradiated at 365 nm for 1 min 
using a UV-Stratalinker 1800 (Stratagene). A 2 μl sample of the cross-linking mixture was 
directly loaded on a 4.5% native gel. The remaining reaction mixture was diluted by addition 
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2.2.11 Proteinase K-ExoIII footprinting
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2.2.14 Minimal scaffold assay
The promoter-less minimal nucleic scaffold was assembled in a 100
RNA, 1 μM 28 nt DNA template, 1
(Promega) and 1x TM Buffer. The sequences of RNA/DNA used in the minimal nucleic 
scaffold are listed in Appendix D. 
The incorporation of radio-labelled
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2.2.15 Pyrophosphorolysis 
The 8 nt RNA was 32P end-labelled
nucleic scaffold as described in section 2.2.14. Different core RNAP variants (at a 1.5
final concentration) were incubated with 1x STA Buffer, 20
pyrophosphate (PPi, Sigma) and 100
10 min. Reactions were quenched with 4 μl of 3x Formamide S
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loaded on a 20% sequencing gel at 50 W for 1 h 30 min. The wet gels were exposed to IP 
plates for 10 min and scanned by a phosphorimager.  
2.2.16 Protein structural modelling 
The hexameric structures of PspF1-275 in different nucleotide-bound states (Apo, ATP and 
ADP) were generated by Mathieu Rappas using energy minimisation from the existing 
monomeric structures (PDB entries 2BJW, 2C96 and 2C98). All the structural modelling in 
this study was performed with Pymol (v0.99, DeLano Scientific LLC). Different nucleotide-
bound states were aligned and the movement of residues of interest was highlighted. 
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Chapter 3 Role of the PspF ‘GAFTGA’ motif 
3.1 Introduction and objectives 
The ‘GAFTGA’ motif is highly conserved among bEBPs and is located at the tip of the flexible 
L1 loop. It has been suggested that at least two ‘GAFTGA’ motifs are required to establish a 
physical interaction between PspF and σ54 for energy coupling, and the ‘GAFTGA’ residues 
may participate in DNA melting at the -12 promoter region (Bose et al., 2008, Rappas et al., 
2005). Thus understanding the functional contribution of individual ‘GAFTGA’ residues is 
crucial to dissecting the σ54 transcription activation pathway. Binding assays using PspF 
fragments harbouring ‘GAFTGA’ mutations suggested the conserved threonine (T86) directly 
contributed to the σ54-interaction surface, whereas the conserved phenylalanine (F85) did 
not (Bordes et al., 2003). One possible role for residue F85 is to disrupt the hydrogen 
bonding at the -12 promoter region via base-stacking and the subsequent conformational 
change of DNA is transmitted to Eσ54 via the nearby T86 residue (or via T86/F85). Thus the 
main aim of this chapter is to test the above hypotheses.  
3.2 Results 
3.2.1 Sequence alignment of the ‘GAFTGA’ motif 
To assess the level of conservation of the ‘GAFTGA’ motif, the protein sequence of PspF1-275 
was aligned against available annotated bEBPs (291 up to 18th Jul 2010) on the NCBI 
database using Protein Blast (Table 3.1 and Figure 3.1).  
The ‘GAFTGA’ motif is strictly conserved in 62% of all annotated bEBPs (Table 3.1). The 
tolerance towards a point mutation of each position decreases in the following order 
(numbering according to PspF): A84 (5 types of substitutions) > T86/A88 (4 types of 
substitutions) > F85 (3 types of substitutions) > G83/G87 (2 types of substitutions). The two 
Gly residues near the stem of L1 (G83 and G87) are more conserved than the rest of the 
‘GAFTGA’ residues; their conservation may be important for the orientation/flexibility of the 
L1 tip. The most likely substitution for each ‘GAFTGA’ position (> 1%) is: A84 (S), F85 (Y), T86 
(S), G87 (D) and A88 (S) (Table 3.1), where polar residues (preferentially with an –OH side 
chain for hydrogen bonding) are favoured for substitutions.  
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Table 3. 1. Summary of the naturally occurring ‘GAFTGA’ variations in 291 bEBPs available on 
NCBI database. (A) The number of occurrence and the frequency in percentage of 
variation are indicated. (B) Sequence alignment of the ‘GAFTGA’ motif (boxed) and the flanking 
sequences is represented in Weblogo.
Since residue F85 in PspF is the focus of this chapter, all the bEBPs with a substitution for 
Phe at this position were identified together with their host microorganisms and are 
in Figure 3.1. A naturally occurring Tyr for Phe substitution was identified among 19 bEBPs 
(≈ 7%, Figure 3.1B and Table 3.1); the 
under evolutionary pressure indicate
by His and Leu; however, these were
‘GAFTGA’ positions (Figure 3.1B). 
Figure 3. 1. Domain organisation
(1-275, PspF1-275) and the DNA binding domain (296
Sequence alignment of the ‘GAFTGA’ motif (
possess a naturally occurring Tyr substitution (gray) for Phe: 
ATCC 14579; Bh, Bacillus halodurans; Bj, Bradyrhizobium japonicum; Bk, Burkholderia kururiensis; Bp,
Bordetella pertusis; B sp., Burkholderia sp. RP007; Ca, Clostridium acetobutylicum; Ec, Erwinia 
Escherichia coli
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relatively high occurrence of this na
s its functional importance. Phe 85 was also substituted 
 accompanied by concomitant substitutions 
 
 of PspF. (A) Full-length PspF consists of the central AAA+ domain 
-325). Functional motifs are high
blue) from 291 bEBPs. The following microorganisms 
Ec, Eshcerichia coli; Bc, Bacillus cereus 
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chrysanthemi; Lm, Listeria monocytogenes; Na, Novosphingobium aromaticivorans; Pa, 
Pseudomonas alkylphenolia; Pf, Pseudomonas fluorescens; P sp., Pirellula sp.
solanacearum; St, Salmonella typhi; Ta, Thauera aromatic; Tt, Thermoanaerobacter tengcongensis; 
Xc, Xanthomonas campestris pv. campestris
eutropha JMP134 (Re) possess a naturally occurring His 
3.2.2 F85 substitutions and protein purifications
To assess the contribution of F85 to PspF
mutagenised to: (i) reduce the 
(Leu/Ile), (iii) maintain aromaticity (Tyr/Trp), (iv) introduce a charged group (His/Arg/Glu), (v) 
introduce a polar group (Gln), and (vi) introduce a thiol group (Cys) for potential disulfide
based conjugation (e.g., fluorescent dye for FRET, FeBABE for DNA or protein cleavage and 
APAB for photo-crosslinking). 
Figure 3. 2. Purity level of PspF
each PspF1-275 variant (40 μM) was loaded in each well after (His)
(His)x6 tagged PspF1-275 and cleaved PspF
samples in the same box came from the same gel.
Escherichia coli
76 
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and Leu substitution for Phe respectively. 
 
1-275 function, this residue was systematically 
size of the side chain (Ala), (ii) maintain hydrophobicity 
 
1-275 F85 variants after (His)x6 tag removal. (A) Ten micro
x6 tag removal. (B) Comparison of 
1-275. The lanes were rearranged for clarity; however, 
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On average, 30 mg of F85 variants were obtained from a 1 L culture. After (His)x6 tag 
removal, protein samples were run on a denaturing gel to ensure: (i) sufficient cleavage has 
been achieved (in comparison with uncleaved samples, Figure 3.2B), (ii) residual uncleaved 
proteins and (His)x6 tags were removed by Ni-NTA agarose beads, and (iii) the biotinylated 
thrombin was removed by streptavidin agarose beads. The F85 variants were very similar in 
solubility and stability and no significant contamination was detected (Figure 3.2A). An 
uneven migration pattern was observed for F85 variants and other PspF1-275 variants (N. Joly 
personal communication). Controlled migration with uncleaved samples (Figure 3.2B) 
suggested this was due to altered electrophoretic properties rather than an insufficient 
cleavage step.  
3.2.3 F85Y is competent for low level transcription activation 
After obtaining these variants, single-round full-length transcription assays were initially 
carried out to assess whether the F85 substitutions had an effect on overall PspF protein 
function. A supercoiled (sc) plasmid (pMKC28-nifH) containing the σ54-dependent S. meliloti 
nifH promoter was used in this in vitro assay. The pMKC28-nifH plasmid was constructed by 
cloning the R. meliloti nifH-lacZ transcription fusion (Buck & Cannon, 1989) into vector 
pTE103 (containing an early terminator from phage T7) (Elliott & Geiduschek, 1984). 
Transcription from pMKC28-nifH yields a ≈ 477 bp product (Chaney & Buck, 1999). The 
transcription activity of each F85 variant was determined with respect to that of PspF1-275 
WT (Figure 3.3A).  
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Figure 3. 3. In vitro transcription activation of F85 variants on a supercoiled (sc) 
The full-length (FL) transcription assay as a function of time in the presence of PspF
(F85A was used as a negative control). (B) The RP
manner as the FL assay. The open complex formation (RP
of UpGpGpG transcripts generated (Figure 2.6). All the reactions from the same experi
conducted at the same time, run on the same gel and scanned with the same contrast. The lanes 
were rearranged for clarity. The experiment was independently performed in triplicate and the 
results obtained similar. 
In contrast to WT, all the PspF
transcripts (<1% of WT) under 
role of F85 in establishing one or more of the underlying functionalities of PspF
for activation (Figure 3.3A and data not shown). It has been previously shown that 
prolonged activation time allows accumulation of RP
PspF1-275 variants with lower activities 
amount of FL transcripts with PspF
a plateau between 30min and 60min, consistent with the view that at an early time point 
sufficient ATP was available to form new RP
30min, the rate of RPo decay matched that of RP
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FL transcripts. However, increased activation time with F85Y (the most frequent naturally 
occurring substitution) resulted in a stable increase in FL
level compared to WT (Figure 3.3A). Prolonged activation did not generate 
transcripts with the other F85 variants (Figure 3.3A and data not shown). 
To assess whether the activation defect with F85 variants
formation or a defect in elongation (after promoter clearance), the RP
performed using the same sc 
start site of the nifH promoter (template 3’
and [α-32P] GTP were added to the reaction so that only 4
were generated (for reaction rationale see 
cannot progress to the elongation pha
amount of UpGpGpG transcripts. Similar results were obtained as those of FL transcription 
(Figure 3.3B), suggesting the defect in transcription activation of F85 variants was associated 
with RPo formation rather than with elongation.
Figure 3. 4. Comparison of in vitro 
different linear DNA probes.
+28 region. The mismatched sequences are highlighted in 
independently performed in duplicate and similar results were obtained. 
Linear DNA with mismatches from 
conformation in RPo and is named 
1999b). The use of this linear DNA has been shown to successfully rescue the activation 
defect of PspF1-275 N64A (Joly 
could bypass the activation defect associated with F85 variants, the 
used in the RPo formation assay and compared with the homodu
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The activation ability of F85Y was not improved since the amount of RPo generated by WT 
and by F85Y both increased by approximately 5-fold when the DNA was pre-opened (Figure 
3.4). Again no detectable amount of RPo was observed with the other F85 variants (data not 
shown). These results suggest the activation defect of F85 variants is not determined by the 
DNA conformation from -10 to -1 and may occur prior to the DNA melting step.  
To validate the in vitro transcription data, in vivo β-galactosidase assays were performed 
with the sequences of PspF1-275 F85 variants inserted in the pBAD18-Cm vectors. All the F85 
variants failed to activate the pspA promoter fused with the lacZ reporter gene (data not 
shown). Thus in contrast to the in vitro transcription data, F85Y could not activate 
transcription in vivo. It is possible that a slowly accumulated RPo generated by F85Y was 
rapidly degraded to RPc under the high turn-over rate in vivo. 
3.2.4 ‘Co-evolved’ σ
54
 did not compensate for F85Y’s activation defect 
Because the Tyr for Phe substitution (‘GAYTGA’ instead of ‘GAFTGA’) is present in 
approximately 7% of the bEBPs, co-evolution might exist in either σ54 and/or the promoter 
sequence of the same microorganism to compensate for the low activation ability of the 
corresponding bEBP (or PspF1-275 F85Y). The promoter sequence alignment failed to identify 
a clear DNA motif to support the ‘co-evolution’ of an F85Y associated element in DNA (data 
not shown). The amino acid sequence alignment of σ54RI (the region ‘GAFTGA’ motif makes 
contact to, (Bordes et al., 2003, Chaney et al., 2001)) from microorganisms that contain a 
naturally occurring bEBP ‘GAYTGA’ motif revealed simultaneous substitutions of Q39 and 
D42 (numbering according to Klebsiella pneumoniae σ54) to Glu residues (Figure 3.5), 
suggesting a possible adaptation to the use of ‘GAYTGA’ motif. However, neither single 
(Q39E or D42E) nor double mutations (Q39E/D42E) in K. pneumoniae σ54 significantly 
increased transcription activation by PspF1-275 F85Y (data not shown). These data suggest 
either the ‘co-evolved’ residues do not compensate for tyrosine substitution in the expected 
way or other ‘co-evolved’ residues from different σ54 regions need to be involved. Possibly, 
specific protein sequences are required to observe co-dependence between σ54 and the 
‘GAYTGA’ motif.  
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Figure 3. 5. Sequence alignment of σ
54
 Region I from microorganisms that possess bEBPs with the 
‘GAYTGA’ motif. The alignment was performed with Multalin. Kp, Klebsiella pneumoniae; Pf, 
Pseudomonas fluorescens; Ps, Pseudomonas syringae pv. Tomato; Xc, Xanthomonas campestris pv. 
Campestris; Bj, Bradyrhizobium japonicum; Bh, Bacillus halodurans; Bc, Bacillus cereus ATCC 14579; 
Na, Novosphingobium aromaticivorans; Tt, Thermoanaerobacter tengcongensis; and Lm, Listeria 
monocytogenes. Positions of interest were indicated by triangles and numbered according to K. 
pneumoniae σ54. 
HrpS from Pseudomonas syringiae pv. Tomato DC3000 also contains a ‘GAYTGA’ motif and 
forms hetero-hexamers with HrpR (contains a ‘GAFTGV’ motif) to activate the σ54-
dependent hrpL promoter for the type III secretion system (Hutcheson et al., 2001). Purified 
σ54 from this microorganism did not compensate for the low activation ability of PspF1-275 
F85Y either (data not shown). The above observations suggest that the utility of the 
‘GAYTGA’ motif in bEBPs may be to deliberately fix transcription activation at a low level on 
specific σ54-dependent promoters so that minimal amounts of mRNA are translated into 
proteins to carry out basic cellular functions.  
3.2.5 Stable engagement of σ
54
 depends on F85 
Activation of RPc requires PspF to interact with σ
54 so that the ATP hydrolysis energy can be 
relayed. Owing to the proximity of F85 to T86 – a residue primarily responsible for σ54 
contact (Bordes et al., 2003, Dago et al., 2007), it is reasonable to speculate that F85 may 
directly participate in σ54 contact or coordinate σ54 contact with T86. In the presence of a 
non-hydrolysable nucleotide analogue, ADP-AlFx (thought to represent the ATP transition 
state), PspF1-275 forms a stable ‘trapped’ complex with σ
54 or Eσ54 (PspF1-275•σ
54•ADP-AlFx or 
PspF1-275•Eσ
54•ADP-AlFx) as an intermediate state en route to RPo (Burrows et al., Chaney et 
al., 2001). Using this assay, it is possible to determine whether the activation defect of F85 
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variants was due to an inability of PspF
couple the ATP hydrolysis energy to RP
Figure 3. 6. The ADP-AlFx ‘trapping’ experiment measuring the interaction between F85 variants
and σ
54
. The experiment was independently performed in at least triplicate and similar results were 
obtained.  
As shown in Figure 3.6 and consistent with the transcription data, only the F85Y variant 
supported the stable formation of ADP
activation with the other F85 variants was due to an inability to inte
in the case of F85Y, the reduction in activation (<1% of WT) did not correlate with the 
reduction in σ54 binding (≈ 50% of WT), suggesting a subtle defect must exist on the energy 
coupling pathway after the initial binding has occurr
3.2.6 F85 communicates with the protomer interface for self
Structural studies have shown that six PspF
to interact with one σ54 (Rappas 
result in a failure to form stable PspF
method, it is possible to dissect whether t
due to a general defect in PspF
motif. Previous studies have established that PspF
and hexameric states, where the hexameric state is 
and/or the presence of nucleotides (ATP or ADP) 
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54, resulting in 
c remodelling (the energy coupling step). 
-AlFx ‘trapped’ complexes, suggesting the lack of 
ract with σ
ed.  
-association
1-275 protomers are arranged in a hexameric ring 
et al., 2005). Thus a gross defect in hexamerisation
1-275•σ
54•ADP-AlFx complexes. By using 
he failure of F85 variants to interact with σ
1-275 self-association or a localized defect of the ‘GAFTGA’ 
1-275 exists in equilibrium between dimeric 
favoured by high PspF
(Joly et al., 2006).  
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The data revealed concentration- and nucleotide-dependent oligomerisation of F85 variants 
(Figure 3.7 BC), consistent with the previous observations. Based on the concentration-
dependent elution profiles, the F85 variants were grouped into four distinct classes (Figure 
3.7 B): (i) WT-like hexamers (WT, F85W, F85H, F85Q, F85I and F85L), (ii) constitutive 
apparent octamers (F85C), (iii) concentration-dependent apparent octamers (F85Y), and (iv) 
defective for self-association (F85A, F85E and F85R). The constitutive apparent octamer 
(F85C) has also been observed when mutating the catalytic residues (D107A, D107E, E108A, 
E108Q and R168A, Appendix E and references therein), however each of these variants is 
very defective in ATPase activity, whereas F85C less so (Figure 3.8). Images of the negatively 
stained PspF1-275 R168A (elution volume ≈ 10.5ml) revealed a similar size and shape to the 
PspF1-275 WT hexamers. Therefore by inference, the apparent octamers obtained with F85Y 
and F85C are hexamers with slight conformational alterations. The presence of ADP failed to 
promote the high order oligomerisation of F85A, F85E and F85R (Figure 3.7C), suggesting 
the interface of these variants was not compatible with the presence of nucleotides, thus 
potentially defective for ATP hydrolysis. The defect in hexamerisation observed with F85A, 
F85E and F85R can account for their inability to interact with σ54 and clearly demonstrates a 
role of F85 in supporting self-association and interface organisation. The failure of self-
assembling F85 variants to engage σ54 must be due to an unfavourable L1 exposure.  
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elution profiles at 20 μM). (C) F85 variants (20 μM) were chromatographed in the presence of 0.4 
mM ADP.  
3.2.7 F85 can communicate with the catalytic site 
In bEBPs, the nucleotide binding pocket is formed with cis (from the same protomer) and 
trans (from an adjacent protomer) residues; correct oligomerisation is key to positioning 
these catalytic residues for ATP hydrolysis. As a prerequisite step for energy coupling, 
defects in ATP hydrolysis can lead to activation failures. Thus the ATPase activity of F85 
variants were examined under ATP saturating conditions (Figure 3.8). 
 
Figure 3. 8. ATPase activity of PspF1-275 F85 variants at 37°C in the presence of 1mM ATP. Each 
reaction was minimally performed in triplicate (the reproducibility is indicated by error bars) and the 
turnover rate is expressed as a percentage of PspF1-275 WT activity.  
All the F85 variants retained to some extent ATPase activities (Figure 3.8) and were grouped 
into three distinct classes based on the rate of ATP hydrolysis: (i) WT-like rate (F85W, F85H 
and F85I), (ii) intermediate rate with 20-50% of WT activity (F85Y, F85Q, F85L and F85C), 
and (iii) slow rate with below 10% of WT activity (F85A, F85E and F85R). As expected since 
oligomerisation is required for the proper formation of the catalytic site, variants that were 
most defective in self-association (F85A, F85E and F85R) had the lowest ATPase activities 
(Figure 3.8). However, some F85 variants with WT-like self-association (F85Q) showed 
marked reduction in ATPase activities, suggesting substitutions in the ‘GAFTGA’ motif can 
manifest via an intra-molecular route to re-organize the catalytic site.  
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Taken together, these results suggest F85 is clearly important for formation, organisation 
and activity of the PspF1-275 hexamer as an ATPase, and a communication route can be 
proposed between the catalytic site and the distant (well over 25 Å) surface-exposed L1 
loop and the communication route is sensitive to the integrity of L1 loop. 
3.2.8 F85 is sensitive to -12 -11 DNA conformation 
Since the majority of F85 substitutions abolished PspF1-275 functionality, this study only 
focused on the active F85Y variant. Based on the proposed structural model (Bose et al., 
2008), it is possible that residue F85 makes a direct interaction with the nearby -12 
promoter region and nucleates DNA melting. Using a variety of linear DNA probes (nifH 
promoter region -60 to +28, Figure 3.9) to mimic the DNA conformation at different stages 
along the activation pathway (Bordes et al., 2004, Cannon et al., 2002, Joly et al., 2007), the 
ability of F85Y to form stable ‘trapped’ complexes was measured. Differences in comparison 
to PspF1-275 WT should provide clues to whether F85 can sense the local DNA conformation 
and its impact on PspF1-275 activation.     
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With the WT/WT probe (homoduplex, mimicking the initial DNA conformation in RPc), F85Y 
formed a similar amount of stable complexes as did WT (Figure 3.9A, compare Lane 2 with 
Lane 6), suggesting the presence of DNA stabilised the interaction between F85Y and σ54 
(F85Y only formed 50% ‘trapped’ complexes of WT in the absence of DNA, Figure 3.6). When 
the linear DNA was melted (mismatched) at position -12-11 of the non-template strand (-12-
11/WT, mimicking the early-melted -12 fork junction DNA in RPc), stable DNA•PspF1-
275•σ
54•ADP-AlFx complex formation was abolished with F85Y but not with WT (Figure 3.9A, 
compare Lane 7 with Lane 3). This observation demonstrated the sensitivity of F85Y to the -
12-11 DNA conformation and suggested that the activation defect of F85Y may be partially 
attributed to the improper -12 fork junction formation and/or DNA melting nucleation. It is 
also possible that the σ54 conformation on the -12-11/WT DNA is somewhat altered, 
resulting in an unfavourable σ54RI for F85Y to stably interact with. When the -12-11 region 
was melted on the template strand (WT/-12-11), the ability of F85Y to form stable ‘trapped’ 
complexes was slightly improved (Figure 3.9A, compare Lane 8 with Lane 7), implying a 
strand specificity exhibited by F85Y. In addition, not only was the -12-11 DNA conformation 
important but also the sequence identity, as mismatches at -12-11 on both DNA strands (-
12-11/-12-11, inverted homoduplex) abolished stable complex formation with both PspF1-275 
WT and F85Y (Figure 3.9, Lanes 5 and 9).  The use of -10-1/WT DNA (mimicking the late-
melted DNA conformation in RPo) demonstrated that this DNA was accommodated by both 
PspF1-275 WT and F85Y, consistent with the previous observation that the activation defect 
of F85Y occurred prior to DNA melting. Changing the DNA identity or melting the non-
template -12-11 region was dominant over the pre-opening of the -10-1 region with F85Y, as 
the stable ‘trapped’ complex formation was greatly reduced (Figure 3.9B, compare Lane 4 
with Lanes 5 and 6).  
3.2.9 σ
54
 G4L variant promotes stable DNA•F85Y•σ
54
•ADP-AlFx complex formation 
The F85Y variant prevented stable DNA•PspF1-275•σ
54•ADP-AlFx complex formation when 
the -12-11 region was melted on the non-template strand (Figure3.9A Lane 7). Dago et al 
reported a Leu substitution of σ54RI (replacing a Gly at position 4, thus named G4L variant) 
restored the transcription activation defect of PspF1-275 T86S (Dago et al., 2007). The σ
54 G4L 
variant might also rescue the binding defect associated with F85Y owing to the spatial 
proximity of F85 to T86. In the presence of σ54 G4L, F85Y formed stable DNA•PspF1-
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275•σ
54•ADP-AlFx complexes on almost all DNA probes tested (except for the inverted 
homoduplex -12-11/-12-11, Figure 3.9C), a binding pattern very similar to that of PspF1-275 
WT. The σ54 G4L variant did not rescue F85Y’s binding defect by simply increasing the overall 
binding affinity (a similar amount of F85Y•σ54•ADP-AlFx complexes was formed with σ
54 WT 
and with G4L, data not shown) but rather by rendering F85Y insensitive to the DNA 
conformation at the -12-11 region (compare Figure 3.9A with 3.9C, Lanes 7 and 8 and 
compare Figure 3.9B with 3.9D, Lanes 5 and 6). In addition, residue G4 from σ54 is unlikely 
itself to make a direct contact with F85 from PspF1-275 because Gly contains only a ‘–H’ side 
chain. 
The spatial relationship of PspF1-275 (WT and F85Y), σ
54 (WT and G4L) and DNA (-12-11/WT) 
in the ADP-AlFx ‘trapped’ complexes was further explored by an APAB-based UV-crosslinking 
experiment. The photoreactive cross-linker APAB (9.7Å radius) was strategically conjugated 
between positions -1 and +1 (the downstream edge of the transcription bubble and the 
transcription start site) of the phosphothiolated DNA (Figure 2.3). The site of conjugation 
was specifically chosen for its ability to cross-link to both σ54 and PspF1-275 (whereas the -12-
11 site is predominantly masked by σ54), allowing the determination of proximity between 
DNA and PspF1-275 and between DNA and σ
54 in the ‘trapped’ complexes (Bose et al., 2008, 
Burrows et al., 2009a, Burrows et al., 2004).  
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Figure 3. 10. APAB-based cross
on the -12-11/WT DNA. The linear DNA 
and APAB-conjugated (at the -1+1 site, star) on the same strand. 
denaturing gel (to visualize cross
occurred). The cross-linked PspF
When σ54 WT was used, F85Y was sensitive to the 
in a failure to form stable DNA•PspF
linking between DNA and F85Y (Figure 3.10, Lanes 2 and 6). However, when the σ
variant was used, the ‘trapping’ reaction was restored (Figure 3.10 Lane 4) and DNA x F85Y 
cross-linked species was observ
PspF1-275 WT and σ
54 WT (Figure 3.10 Lane 5). Clearly the σ
binding defect without drastically altering the spatial relationship between PspF
promoter DNA. The G4L substitution may impart flexibility in σ
previously incompatible -12-11/WT DNA conformation. 
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-linking profiles of DNA•PspF1-275•σ
54
•ADP-AlF
(nifH promoter region -60 to +28) was radio
Reaction samples were run on a 
-linked species) and on a native gel (to control that ‘trapping’ 
1-275 (DNA x PspF1-275) and σ
54 (DNA x σ54) species 
-12-11/WT DNA conformation, resulting 
1-275•σ
54•ADP-AlFx complexes and the absence of cross
ed (Figure 3.10 Lane 8), similar to the one obtained from 
54 G4L variant restored 
54
RI to accommodate the 
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x complexes formed 
-labelled (sphere) 
are indicated.  
-
54 G4L 
the F85Y 
1-275 and 
Functional studies of the ‘GAFTGA’ motif of 
 
3.2.10 F85Y fails to isomerise
Cannon et al have demonstrated that in the presence of a hydrolysable nucleotide (ATP or 
dATP), PspF1-275 is able to isomerise
mimics the -12 fork junction DNA in RP
DNase I protection (Cannon
‘supershifted’ (ss) DNA•σ54 band on a native gel and is regarded as an important functional 
feature that distinguishes the σ
transcription: the promoter DNA is partially melted by PspF before 
active channel (Wigneshweraraj 
activation/isomerisation ability, the F85 variants were subject to the ‘supershift’ assay. 
Figure 3. 11. ‘Supershift’ assay of PspF
The isomerised binary DNA•σ54
Fluorescence-labelled (pentagon) 
performed in at least triplicate and similar results were obtained. 
Most F85 variants were unable to 
data not shown) possibly because of their failure to stable interact with σ
could successfully engage σ54
independent isomerisation (Figure 3.11)
failure associated with F85Y: (i) the 
could not sufficiently sustain the 
11/WT DNA conformation 
σ54RI•DNA despite the energy input (dATP hydrolysis). 
3.2.11 Cognate promoter sequences affect F85Y activation
Since the binding assay suggests the ability of PspF
depends not only on the -12-11 DNA conformation but also on the sequence identity (Figure 
Escherichia coli
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 the σ
54
-DNA complex 
 a binary DNA•σ54 complex (the -12-
c was used) to a conformation with an extended 
 et al., 2000). This isomerisation process generates a 
54-dependent transcription from the σ
it is 
et al., 2008). To test this core RNAP
 
1-275 WT and F85Y.The F85A was used as a negative control
 complex (ssDNA•σ54) migrated at a slower rate on a native gel.
-12-11/WT DNA was used. The experiment was in
 
isomerise the binary DNA•σ54 complex (Figure 3.11 and 
 (50% of WT ability), it failed to carry out the core RNAP
. Two possibilities could explain the 
reduced ATP hydrolysis rate (25% of WT ATPase activity) 
isomerised state and/or (ii) F85Y was sensitive to the 
(Figure 3.9A Lane 7) thus could not productively 
 
 
1-275 to form stable ‘trapped’ complexes 
 Phage Shock Protein F 
11/WT probe that 
70-dependent 
loaded into the 
-independent 
 
. 
 
dependently 
54. Although F85Y 
-
isomerisation 
-12-
engage 
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3.9), it is therefore reasonable to speculate that the specific features of different σ54-
regulated promoters around the -12 region could alter the rate of transcription activation by 
PspF1-275.  
 
Table 3. 2. The rate of transcription in the presence of PspF1-275 WT and F85Y on three different σ
54
-
regulated promoters. The rate of transcription was determined by the amount of FL transcripts on 
supercoiled plasmids divided by the time of activation (30min). Consensus sequences are high-
lighted in gray.  
As expected, different amounts of FL transcripts were generated in relation to the natural 
‘strength’ of each promoter. In general, F85Y activated transcription more efficiently on 
cognate promoters (pspA and pspG), as the activation difference compared to WT was 
smaller (Table 3.2, compare the activity of F85Y versus WT on pspA or pspG with that on 
nifH). However, in contrast to the rate of transcription activation by PspF1-275 WT, which 
varied greatly between promoters (nearly 10-fold), the rate of transcription activation by 
F85Y remained fairly constant (< 2-fold) across the three promoters used (Table 3.2). This 
observation further confirmed the previous proposal that the ‘GAYTGA’ motif can fix 
transcription activation at a constant level. This is probably achieved by L1 sensing or 
directly interacting with the -12-11 region.  
3.3 Discussion 
When expressed as MBP-fused PspF fragments (residues 69-93), the F85A and F85Y 
substitutions unlike the T86S substitution, did not affect DNA•PspF69-93•σ
54 complex 
formation (Bordes et al., 2003). Thus it was concluded that residue T86 rather than F85 was 
a major σ54 binding determinant. However in the binding assay of this study, both PspF1-275 
F85A and F85L failed to form either PspF1-275•σ
54•ADP-AlFx or DNA•PspF1-275•σ
54•ADP-AlFx 
complexes. This observation may suggest that residue F85 in L1 of PspF1-275 carries out a 
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supportive role by orienting the T86 side chain to interact with σ54RI; the F85 substitutions 
that disfavour this L1 exposure disrupt the T86-σ54RI interaction.  
The F85Y substitution did not seem to grossly affect L1 exposure and hexamerisation as the 
stable DNA•PspF1-275•σ
54•ADP-AlFx complexes were formed on both WT/WT and -10-1/WT 
DNA probes. However this substitution was incompatible with the non-template -12-11 
melting (-12-11/WT), suggesting a specific sensitivity towards this DNA region. Indeed 
transcription assays demonstrated that when the -12-11 site was altered, the rate of 
transcription was greatly affected. The activation and binding outcomes seem to depend on 
the -12-11 DNA region functioning in concert with residue F85 of L1.  
The previous studies have provided evidence for an intra-molecular pathway through which 
the state of ATP hydrolysis is sensed by Walker B residue E108 and relayed to L1 movement 
via Linker 1 residue N64; the N64 and E108 form a switch pair directly responsible for 
communicating the nucleotide identity to the isomerisation process (Joly et al., 2008a, Joly 
et al., 2007, Zhang & Wigley, 2008). However, whether this communication route is 
bidirectional is unknown. In this study, the F85Q substitution exhibited WT-like 
hexamerisation but defective ATPase activity, suggesting a reorganisation event of the 
catalytic residues had occurred. This demonstrated the possibility of a ‘top-down’ 
communication route, where L1 exposure (a signal of σ54 binding) can influence the ATP 
hydrolysis rate. For those F85 variants that exhibited defective oligomerisation and 
defective ATPase activities, the L1 exposure may affect the interface organisation, causing 
an unfavourable relocation of, for example, the trans Arg-fingers.   
The natural occurrence of ‘GAYTGA’ motif (Tyr for Phe substitution at position 85 of PspF) is 
fairly prevalent in bEBPs (≈ 7%). However, the transcription activation ability of these bEBPs 
may be very low. In line with this statement is the mutagenesis study of S. syringae HrpS 
protein. When the ‘GAYTGA’ motif of HrpS was changed to the consensus ‘GAFTGA’ motif, 
the σ54-dependent transcription activation controlled by HrpR/S hetero-hexamers was 
elevated by 50% (M. Jovanovic personal communication). In this study, attempts were made 
using the ‘co-evolved’ σ54 (K. pneumoniae σ54 Q39E, D42E, Q39/D42E and S. syringiae pv. 
tomato DC3000 σ54) to restore the activation defect of PspF1-275 F85Y but all failed. Taken 
together, the above observations strongly suggest the ‘GAYTGA’ motif may serve as an 
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alternative regulatory measure for protein expression. Cells utilise these ‘GAYTGA’-
containing bEBPs to fix the mRNA level of targeted promoters so that a constant but small 
amount of proteins are expressed to carry out cellular functions.  
Sequence alignment of the ‘GAFTGA’ motif suggests each ‘GAFTGA’ position may be under 
different evolutionary pressures (manifest as the tolerance towards point mutations), a 
possible indication for different functional responsibilities. Indeed even as close as 
neighboring residues, T86 and F85 in PspF have different specialisations: T86 is primarily 
responsible for σ54 contact and L1 exposure (Bordes et al., 2003, Dago et al., 2007), whereas 
F85 is responsible for communication with the catalytic site and interface, -12 DNA sensing, 
L1-locking (in the ADP bound state, (Rappas et al., 2006)) and possibly DNA melting (Bose et 
al., 2008). Biochemical and mutagenesis studies of individual ‘GAFTGA’ residues may 
provide new insights of the unequal roles they confer.  
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Chapter 4 Organisation of σ54 transcription complexes  
4.1 Introduction and objectives 
In the proposed structural model of PspF activation, the PspF hexamer approaches the RPc 
from the unbound face of the promoter DNA (Bose et al., 2008, Wigneshweraraj et al., 
2008). At least two of the six ‘GAFTGA’-containing L1 loops are proposed to contact σ54 
(Rappas et al., 2005) while the rest of the L1 loops could make extensive interactions with 
the promoter DNA and/or core RNAP for RPc stabilisation, -12 fork junction DNA sensing 
(Chapter 3) and DNA melting. Bose et al demonstrated that the PspF1-275 hexamer 
extensively cross-linked to the promoter region -29 to +11 (Bose et al., 2008). However, this 
approach has a few technical limitations: (i) the cross-linker APAB was conjugated to the 
promoter DNA and was relatively long (9.7 Å); the cross-linking radius was large but the site-
specificity was reduced (especially for close contact < 9.7 Å), (ii) the cross-linking site on the 
protein target (PspF) was not determined, and (iii) the spatial relationship between PspF and 
core RNAP cannot be determined by this approach. Thus the aim of this chapter was to 
develop a new cross-linking method in which a short photoreactive cross-linker (pBpa) was 
genetically incorporated at each PspF ‘GAFTGA’ position. When excited at 350-365nm, the 
pBpa cross-links to any nearby C-H bonds (from protein or DNA) within 3.1 Å (Farrell et al., 
2005). This pBpa-based cross-linking approach was used to address the following questions: 
(i) whether L1 is directly involved in self-association, (ii) how many ‘GAFTGA’ residues 
participate in σ54 contact, (iii) what is the precise amino acid patch(s) on σ54 that is 
contacted directly by the ‘GAFTGA’ motif, (iv) whether L1 interacts with the core RNAP, and 
(v) whether the ‘GAFTGA’ residues directly contact the promoter DNA, if so, which promoter 
region(s) is contacted.  
4.2 Results 
4.2.1 Cross-linker (pBpa) incorporation and protein purification 
The cross-linker pBpa is a photoreactive artificial amino acid which can be incorporated at 
each ‘GAFTGA’ position by an orthogonal Methanococcus jannaschii (Mj) tRNA-tRNA 
synthetase pair in E. coli cells (Figure 2.1). Similar approaches have been successfully 
demonstrated for E. coli CAP proteins (Lee et al., 2009) and human GRB2 adaptor proteins 
(Hino et al., 2005) with photoreactive amino acids as reagents.  
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Figure 4. 1. Purity level of PspF1-275 pBpa variants after (His)x6 tag removal. Ten micro-liters of each 
pBpa variant (40 μM) were loaded in each lane.  
On average, 2 mg of PspF1-275 pBpa variants were obtained from a 1 L culture. These pBpa 
variants were similar in purity and stability to non-modified PspF1-275 after (His)x6 tag 
removal (Figure 4.1). The F85pBpa variant was thrombin-resistant, as the prolonged 
cleavage only resulted in approximately 40% of the (His)x6 free form (Figure 4.1).   
4.2.2 G83pBpa variant is competent for stable σ
54
 interaction 
To determine how many PspF ‘GAFTGA’ residues are directly involved in σ54 contact, the 
pBpa variants were screened under ADP-AlFx ‘trapping’ conditions. The successful outcome 
of this experiment would also enable the subsequent determination of ‘GAFTGA’-σ54 
proximity by UV cross-linking.  
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Figure 4. 2. The ability of pBpa variants to stably engage σ
(B) The AMP-AlFx ‘trapping’ reac
percentage of that of PspF1-275 WT. 
The pBpa substitutions abolished the ability of 
PspF1-275•σ
54•ADP-AlFx complexes
residues are important for maintain
due to the disruption of side chain interaction (like residue T86, 
unfavourable L1 exposure (like residue F85, 
Escherichia coli
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54
. (A) The ADP-AlFx ‘trapping’ reactions. 
tions. (C) The σ54 interaction of each pBpa variant 
 
the majority of pBpa variants
 (Figure 4.2A and C), suggesting that most of the ‘GAFTGA’ 
ing σ54 contact. The failure to interact with σ
(Bordes 
Chapter 3). The G83pBpa was the only variant 
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was expressed as a 
 to form stable 
54 may be 
et al., 2003)) or 
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capable of forming the stable 
4.2A and C). The location of residue G83 
major σ54 contact determinant but 
substitutions were introduced at position 83 as controls (G83A to reduce the side chain and 
G83F to mimic the chemical structure of 
4.2A and C), further supporting 
When the transition state analogue ADP
analogue AMP-AlFx, G83pBpa was no longer able to engage σ
‘GAFTGA’ position is sensitive to the state of occupying nucl
the G83pBpa had the same ‘trapping’ phenotype as G83A, the impact on L1 exposure by 
introducing a bulky cross-linker at position 83 was similar 
4.2.3 Most pBpa substitutions 
As shown in the previous chapter, substitutions of the ‘GAFTGA’ residues may affect the 
organisation of the ATPase catalytic site at the protomer interface either through the intra
molecular communication route via 
hexamerisation. Thus it is important to determine how the ATPase activity was affected by 
the pBpa incorporation at each ‘GAFTGA’ position. 
Figure 4. 3. The ATP hydrolysis rate of PspF
to hydrolyse 1mM ATP was expressed as a percentage of WT activity. 
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PspF1-275•σ
54•ADP-AlFx complexes (50% of WT activity, Figure 
(near the stem of L1) suggests 
is possibly immediately adjacent to one. Two more 
pBpa), both were able to stably engage σ
the above conclusion.  
-AlFx was substituted by the ATP ground state 
54 (Figure 4.2B), suggesting this 
eotide at the catalytic site. Since 
to removing the side chain. 
do not affect the ATPase activity 
the N64-E108 switch pair or through the gross 
 
1-275 pBpa variants. The rate of each 
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-
loss of 
 
pBpa variant (4 μM) 
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The majority of the pBpa variants exhibited WT
4.3), consistent with the observation that 
affect the ATPase activity (NtrC A216V [PspF A84V], DctD T223I [PspF T86I], NtrC G219K 
[PspF G87K], and NtrC A220T [PspF A88T], 
substitution of residue F85 to the structurally similar 
exposure drastically, which could explain why the F85
ATPase activity (Figure 4.3). 
detrimental effects on ATP hydrolysis (Figure 4.2). Since these variants were able to interact 
with σ54 (Figure 4.2A), the gross 
must be transmitted via the intra
of the catalytic site.  
4.2.4 pBpa variants all fail to yield RP
After examining the two critical steps of energy coupli
interaction, the pBpa variants were screened for their ability to yield a biological output, i.e., 
the RPo formation. Standard RP
a sc nifH promoter.  
Figure 4. 4. RPo formation with PspF
variant was expressed as a percentage of that of WT. 
Although the majority of the 
stably engage σ54, and therefore 
remodelling (Figure 4.4). For G83
weaker σ54 interaction (50% of WT) may not be sufficient to s
4.4). 
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-like or improved ATPase activities (Figure 
several ‘GAFTGA’ substitutions do not significantly 
(North et al., 1996, Wang et al
pBpa was unlikely to alter the L1 
pBpa variant retained a WT
Substitutions at position 83 (G83pBpa, G83A and G83F) had 
hexamerisation must be intact. Thus changes at position 83 
-molecular communication route to a re
o 
ng – ATP hydrolysis and σ
o formation assays were conducted with 30
1-275 pBpa variants. The amount of RPo formed 
 
pBpa variants were efficient at ATP hydrolysis, they could
were unable to couple the ATP hydrolysis to RP
pBpa, the low ATP hydrolysis rate (10% of WT) and 
upport RPo
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., 1997c)). The 
-like 
organisation event 
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 min activation on 
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 formation (Figure 
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4.2.5 L1 can report on the nucleotide
Previous structural modelling
located close to the self-association interface and a functional link
L1 and the oligomeric state of PspF 
demonstrated that the ‘GAFTGA’ substitutions 
extents. However, it is not known whether L1 directly or indirectly contributes to the self
association interface. The pBpa
Figure 4. 5. Self-association of PspF
1x STA Buffer in the absence of nucleotides and subject to 0
linking. (B) The crystal structure of heptameric NtrC1 (PDB entry 1NY6). The ‘GAFTGA’ motifs are 
highlighted in blue ribbons and the G83 residues (numbering according to PspF) are highlighted in 
red spheres.  
When PspF1-275 WT and pBpa variants 
occur and the different oligomeric states of PspF
cross-linking or in the absence of a cross
denaturing conditions (Figure 4.5A). With UV irradiation, a predominant cross
was observed with every pBpa variant; the molecular weight of this species corresponded 
approximately to a PspF1-275 dimer (Figure 4.5A). In addition, higher oligomeric cross
species were also evident for each 
NtrC1 ADP-bound crystal structure (PDB entry 1NY6), it is likely that the different oligomeric 
states of PspF1-275 are achieved by G83
Escherichia coli
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-dependent self-association of PspF
 using p97 or HslU dimers suggests the L1 ‘GAFTGA’ motif is 
age might exist between 
(Zhang et al., 2002). Indeed, the previous chapter has 
can affect PspF oligomerisation
-base cross-linking approach may help address this question. 
1-275 pBpa variants. (A) PspF1-275 pBpa variants were incubated in 
 min and 15 min irradiation for cross
are incubated in 1x STA Buffer, oligomerisation
1-275 should exist in equilibrium. Without UV 
-linker, oligomeric PspF1-275 was not
pBpa variant. By modelling the L1 packing in the available 
pBpa cross-linking to the stem of an adjacent L1 
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(Figure 4.5B). However, NtrC1 was proposed to form heptamers 
geometry is unknown for the Apo hexamer 
between PspF hexamers and NtrC1 heptamers are yet to be determined.
Figure 4. 6. Self-association of p
mixture was either not exposed to UV irradiation (0’, as a negative control) or exposed to UV 
irradiation for 15’ (with different nucleotides). 
It has been observed that L1 h
personal communication, using 
extended conformation in the ATP bound state and the locked conformation (via F85
interaction) in the ADP bound state 
(ATP, ADP or analogue ADP-AlF
Indeed, the presence of nucleotides and nucleotide analogues reduced the number of cross
linked species with each pBpa variant (Figure 4.6). It is likely that the occupancy of 
nucleotides (and nucleotide analogues) rigidified L1 so that less conformational variations 
were available to the subsequent cross
suggest L1 may contribute to the self
states in a nucleotide-dependent manner. 
4.2.6 G83pBpa contacts σ
54
RI 
The biochemical data identified residue T86 of PspF ‘GAFTGA’ motif as a major σ
determinant (Bordes et al., 2003, Chaney 
corresponding amino acid region on σ
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and the precise interface 
(Lee et al., 2003). The differences of L1 packing 
 
Bpa variants in the presence of different nucleotides.
 
as a high degree of flexibility in the Apo state (R. Weinzierl 
molecular dynamics simulations) compared to the rigid 
(Rappas et al., 2006). Thus the addition of nucleotides 
x) to the PspF1-275 oligomers should alter the 
-linking reaction. Taken together, above observations 
-association process and can report th
 
but not core RNAP 
et al., 2001, Dago et al., 2007)
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. However, the 
on has so far not 
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been determined. Since the G83
conditions (Figure 3.2A), it is reasonable to speculate that UV 
complexes could promote the cross
region. Subsequently the cross
analysis to identify the precise amino acid patch(s)
Figure 4. 7. UV cross-linking of PspF
‘trapping’ conditions. Reactions were cross
Escherichia coli
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pBpa variant can stably engage σ54 under ADP
irradiation of the ‘trapped’ 
-linking between residue G83 and the corresponding σ
-linked species could be extracted for mass spectroscopy 
 on σ54. 
1-275 pBpa variants to radio-labelled 
-linked for 5 min, 15 min and 30 min before loaded on 
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σ
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 under ADP-AlFx 
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a native gel and (B) on an SDS gel for analysis. A84pBpa served as a negative control. The protein 
band indicated by the asterisk could be a cleavage product and was checked in (C).  
First to confirm that the G83pBpa can indeed cross-link to σ54, the ADP-AlFx ‘trapping’ 
samples were UV-irradiated and analysed on both native and SDS gels. The PspF1-275 WT 
served as a positive control on the native gel to ensure ‘trapping’ occurred but as a negative 
control on the SDS gel because it did not contain the pBpa cross-linker to from covalently 
stable complexes with σ54 (Figure 4.7). With G83pBpa, a secondary band increased in 
intensity with prolonged UV irradiation on the native gel (Figure 4.7A), possibly 
corresponding to the cross-linked PspF1-275 x σ
54. On the SDS gel, multiple PspF1-275 x σ
54 
cross-linked species were observed (Figure 4.7B). Increasing UV irradiation shifted the cross-
linked species towards higher molecular weights; it is likely that with sufficient time higher 
order PspF1-275 oligomers became included, possibly associated with one or multiple 
locations on σ54. All the other pBpa variants that failed to form the stable ‘trapped’ 
complexes, as expected, did not yield any cross-linked species (Figure 4.7B and data not 
shown). A cleavage product (Figure 4.7B, indicated by the asterisk) was observed once the 
pBpa variants were added to the radio-labelled σ54 independently of UV irradiation or ADP-
AlFx formation (Figure 4.7C). The cleavage product could be (His)x6 tag free σ
54-HMK (σ54-
HMK was not treated with thrombin to remove the (His)x6 tag) generated by the action of 
thrombin carried over from the PspF1-275 pBpa samples.   
For the following cross-linking experiments, a 15min UV-irradiation interval was chosen 
because the ‘trapped’ complexes were most stable and the cross-linking pattern was 
evident.  
The cross-linking of PspF1-275 G83pBpa to σ
54 was highly nucleotide analogue dependent 
(ADP-AlFx), as the presence of nucleotides (ATP, ADP or AMP) failed to generate any PspF1-
275 x σ
54 species (data now shown). 
The next experiment was to determine which region(s) of σ54 PspF1-275 G83pBpa directly 
cross-linked to. Full-length σ54 (FL), Region I (RI), Region I deletion (∆RI) and mixed RI/∆RI 
(3:1 ratio) were radio-labelled and used in the cross-linking reactions as previously 
described. The ADP-AlFx ‘trapped’ complexes were excised from the native gel after UV 
irradiation and the cross-linked species were separated on an SDS gel.  
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Figure 4. 8. UV cross-linking of PspF
Region I (RI), Region I deletion (∆RI), and mixed RI/∆RI (3:1 ratio) were radio
AlFx ‘trapping’ reactions were performed and subject to 15min irradiation. 
excised from the native gel (A) and run under denaturing conditions (B and C) to elucidate cross
linked species. Ctrl a represents the control reaction of PspF
(without band excision); Ctrl b represents the control reaction of PspF
σ54RI (without band excision). The band indicated by the single asterisk corresponds to the possible 
cleavage product; the band indicated by the double asterisks corresponds to an 
the radio-labelled σ54 alone.  
As shown in Figure 4.8, PspF
(Figure 4.8A, complexes 1 and 2) and σ
σ54∆RI, consistent with the previous observations 
species could not be formed with PspF
labelled σ54 was visible (Figure 4.8B complexes 1 and 2 for σ
in Figure 4.8C complexes 3 and 4 due to its low molecular weight). A major PspF
G83pBpa x σ54RI cross-linked species (
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1-275 G83pBpa to different σ
54
 regions. The σ
-labelled
Complexes (1 to 8) were 
1-275 G83pBpa crosslinking to σ
1-275 G83
1-275 WT formed stable ‘trapped’ complexes with both σ
54
RI (Figure 4.8A, complexes 3 and 4) but not with 
(Chaney et al., 2001). Since the cross
1-275 WT, under denaturing conditions only radio
54
FL; the σ
54
RI
≈ 39 kD) was observed in the control reaction (Figure 
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-
54
FL 
pBpa crosslinking to 
artefact present in 
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FL 
-linked 
-
 was not observed 
1-275 
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4.8C Ctrl b), corresponding to one PspF
faint cross-linked species were 
could interact with a σ54RI. The very intense band indicated by the double asterisk (Figure 
4.8C Ctrl b) was an artefact
Interestingly, the mixing of σ
the same level as σ54FL (Figure 4.8A), suggesting the continuity of σ
organisation is key for the full 
Figure 4. 9. UV cross-linking of PspF
run on an SDS gel and stained with Sypro Ruby Stain. 
In the Cryo-EM reconstruction of PspF
that up to three PspF monomers could contact the core RNAP potentially via the ‘GAF
motif (Bose et al., 2008). If this assumption was true, it would be reasonable to expect the 
previously observed cross-linking pattern to change in response to the presence o
RNAP. The PspF1-275 G83pBpa 
accompanied by a reduction of PspF
linking reactions were conducted with and without core RNAP for comparison
major alteration was observed (Figure 4.9). This assay did not provide evidence to support a 
direct contact between the L1 ‘G
Escherichia coli
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1-275 (33 kD) interacting with one σ
also observed in Figure 4.8C Ctrl b, suggesting multiple L1s 
 as it was also present in 32P-σ54RI alone (data not shown). 
54
RI and σ
54
∆RI did not restore the interaction with PspF
54 and the precise domain 
PspF interaction.  
 
1-275 G83pBpa to (E)σ
54
. After UV irradiation, the samples were 
 
1-275•Eσ
54•ADP-AlFx complexes, Bose 
x E cross-linked species are likely to emerge whilst 
1-275 G83pBpa x σ
54 cross-linked species. 
AFTGA’ motif and the core RNAP, although the cross
 Phage Shock Protein F 
54
RI (6 kD). Three 
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. However, no 
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amino acid might need to be in a particular position in PspF
tested. 
4.2.7 Doped PspF1-275 WT/G83
After demonstrating PspF1-275 
complexes, the linear -12-11/WT DNA probe was added to the reaction mixture. If this DNA 
conformation can be successfully accommodated in the ‘trapped’ complex, the spatial 
proximity between G83pBpa and the corresponding promoter region is likel
determined.  
Figure 4. 10. UV cross-linking of doped PspF
Standard ADP-AlFx ‘trapping’ experiment was performed with 
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(blue sphere) on either strand. G83pBpa was doped with PspF1-275 WT in various ratios to form 
hexamers. Reaction samples were split for native and SDS gel analysis.  
When the -12-11/WT DNA probe was present, the G83pBpa could no longer form stable 
‘trapped’ complexes (Figure 4.10A, WT/G83pBpa 0/6 ratio), as a result no PspF1-275 x DNA 
cross-linked species was detected (Figure 4.10B, WT/G83pBpa 0/6 ratio). The PspF1-275 WT 
could form stable ‘trapped’ complexes (Figure 4.10A, WT/G83pBpa 6/0 ratio) but failed to 
cross-link to DNA (Figure 4.10B, WT/G83pBpa 6/0 ratio) because it did not contain the pBpa 
cross-linker. However, when the PspF1-275 G83pBpa hexamers were reconstituted by doping 
with PspF1-275 WT at different ratios, not only was the ‘trapping’ restored (Figure 4.10A) but 
also direct cross-linking between G83pBpa and promoter DNA was observed (Figure 4.10B). 
The presence of one PspF1-275 WT in the PspF1-275 G83pBpa hexamers was sufficient to re-
orientate the G83pBpa-containing L1s to stably engage DNA (Figure 4.10B, WT/G83pBpa 1/5 
ratio). The highest DNA cross-linking efficiency was achieved when two PspF1-275 WT 
protomers were present (Figure 4.10B, WT/G83pBpa 2/4 ratio). Taken together, the above 
observations demonstrate the promoter DNA is within 3.1 Å of the L1 ‘GAFTGA’ motif. In 
addition, the PspF1-275 x DNA cross-linking event appears to be independent from the PspF1-
275 x σ
54 cross-linking event, as the high concentration of σ54 used in this reaction (> 40-fold 
excess in molar compared to DNA) did not abolish the PspF1-275 x DNA cross-linking.  
4.2.8 Doped PspF1-275 WT/G83pBpa hexamers can cross-link to promoter DNA with 
different conformations 
After showing the presence of PspF1-275 WT could reverse the DNA cross-linking defect 
associated with G83pBpa hexamers, the PspF1-275 WT was used to dope all the other pBpa 
variants (at a 3/3 ratio) on three different linear DNA probes: WT/WT (mimicking the initially 
bound duplex DNA), -12-11/WT (mimicking the early-melted -12 fork junction DNA in RPc) 
and -10-1/WT (mimicking the late-melted DNA in RPo).  
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Figure 4. 11. Cross-linking of pBpa variants to three linear DNA probes in the presence of core 
RNAP. Each pBpa variant was doped with an equal concentration of PspF1-275 WT (3/3 ratio) and 
compared with that variant alone. The linear DNA was radio-labelled (sphere) on either strand 
(mismatched sequences are highlighted in bold). The reaction components are indicated in the box 
below.  
The homogenous G83pBpa hexamers failed to cross-link to the WT/WT (Figure 4.11A) and -
12-11/WT (Figure 4.11B) DNA probes. Doping of G83pBpa hexamers with PspF1-275 WT 
rescued the cross-linking deficiency (Figure 4.11 A and B). Interestingly, the G83pBpa variant 
alone was able to cross-link strongly to the -10-1/WT DNA probe (Figure 4.11C SDS gel). 
Consistent with this observation was the accumulation of a comparable amount of 
DNA•PspF1-275•Eσ
54•ADP-AlFx complexes formed with G83pBpa when the -10-1 non-
template region was pre-opened (Figure 4.11C Native gel). One possibility is that L1 may 
continuously contact or stabilise the promoter DNA throughout the RPc to RPo isomerisation 
process.  
All the other pBpa variants on their own failed to form stable ‘trapped’ complexes, and thus 
were unable to cross-link to DNA (Figure 4.11). Doping of PspF1-275 T86 with PspF1-275 WT 
generated a considerable amount of PspF1-275 x DNA species on the -12-11/WT DNA probe 
(Figure 4.11B), suggesting a DNA contacting role of T86 specifically in RPc.  
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Figure 4. 12. Cross-linking of pBpa variants to three linear DNA probes in the absence of core RNAP. 
Each pBpa variant was doped with an equal concentration of PspF1-275 WT (3/3 ratio) and compared 
with that variant alone. The linear DNA was radio-labelled (sphere) on either strand (mismatched 
sequences are highlighted in bold). The reaction components are indicated in the box below. 
The above DNA cross-linking experiments were carried out in the presence of core RNAP 
which may stabilise or facilitate cross-linking between PspF1-275 and promoter DNA. To 
assess whether the PspF1-275 x DNA cross-linking could be maintained without core RNAP, 
the cross-linking reactions were performed only in the presence of σ54 and linear DNA 
probes under ADP-AlFx ‘trapping’ conditions (Figure 4.12).  
The most interesting finding of this assay was that in the absence of core RNAP, even the 
doped PspF1-275 WT/G83pBpa hexamers were no longer able to cross-link to the WT/WT 
DNA (compare Figure 4.12A with Figure 4.11A). This observation may suggest the initial 
binding of σ54 to the homoduplex DNA was not sufficient to establish the necessary 
proximity between the L1 ‘GAFTGA’ motif and promoter DNA, and the presence of core 
RNAP was required for a L1-DNA spatial reorganisation.  Cross-linking between the L1 
‘GAFTGA’ motif and the -12-11/WT DNA probe was not drastically affected by the removal 
of core RNAP (compare Figure 4.12B with Figure 4.11B). However, cross-linking between the 
L1 ‘GAFTGA’ motif and the -10-1/WT DNA probe was weakened in the absence of core RNAP 
(compare Figure 4.12C with Figure 4.11C). The above observations may suggest differential 
contributions of core RNAP along the transcription activation pathway.  
4.2.9 The -29 promoter region is important for PspF activator function 
4.2.9.1 L1 cross-links to the non-template -29 region in RPc/RPI 
After successfully cross-linking the doped PspF1-275 WT/G83pBpa hexamers to the promoter 
DNA, the precise L1 contact site(s) on DNA was mapped using a Proteinase K-Exonuclease III 
(ExoIII) footprinting method (Buck & Cannon, 1994). The rationale of this approach is to 
digest the protein components in the cross-linking reaction. The pBpa cross-linker will 
remain attached to the DNA and protect the cross-linking site from the ExoIII digestion (3’-5’, 
Figure 2.5).  
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Figure 4.13 A with B). This resistant site disappeared with prolonged ExoIII digestion (data 
not shown) and was absent in the negative controls (where DNA cross-linking did not occur, 
PspF1-275 WT and G83pBpa, Figure 4.13). Overall, the above data clearly demonstrate that in 
RPc/RPI L1 primarily contacts the non-template strand from -30 to -27 (abbreviated as ‘the -
29 region’), immediately upstream of the consensus ‘-24’ GG element which is located at -
26-25 in the nifH promoter. The template stand may only play an auxiliary role in L1 contact 
and is thus not protected from ExoIII digestion. 
4.2.9.2 Removal of the -29 region greatly reduces DNA cross-linking and DNA•σ
54
 
isomerisation 
To further explore the functional importance of the -29 region, the non-template strand of 
the linear -12-11/WT DNA probe was reduced in length sequentially from -30 to -27 (Figure 
4.14) where the L1 cross-linking site was located. In addition, a truncated form of -12-11/WT 
(-12-11[-60-27]/WT[-60-27], where the entire region upstream of ‘GG’ was removed) was 
also generated (Figure 4.14).  
To assess the impact of modifying the -29 region on DNA cross-linking, the doped PspF1-275 
WT/G83pBpa hexamers were subject to UV cross-linking with these -12-11/WT DNA variants. 
As shown in Figure 4.14A, sequential shortening of the non-template -29 region reduced the 
L1-DNA cross-linking by approximately 40%. However, a nearly 60% reduction was observed 
when the entire region upstream of ‘GG’ was truncated (Figure 4.14A), suggesting the 
template strand may facilitate the contact between L1 ‘GAFTGA’ motif and the non-
template -29 region. The reduction of DNA cross-linking was not due to unfavourable DNA 
binding, as a similar amount of DNA•PspF1-275•Eσ
54•ADP-AlFx complexes was formed with 
the shortened and truncated -12-11/WT probes (data now shown). The shortened or 
truncated -12-11/WT probes may exhibit a slightly different conformation compared to the 
unmodified -12-11/WT probe (e.g., secondary sites of cross-linking could be appearing with 
the modified probes), which could explain why the cross-linking was not completely 
abolished.  
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Figure 4. 14. Removal of the -29 promoter region affected DNA cross-linking and DNA•σ
54
 
isomerisation. (A) Standard cross-linking assay with doped PspF1-275 WT/G83pBpa hexamers and 
various modified -12-11/WT linear probes. The starting and ending positions of nicking or truncation 
are indicated inside the bracket of the probe name. (B) Standard ‘supershift’ assay with binary 
DNA•σ54 complexes isomerised by PspF1-275 WT in the presence a hydrolysable nucleotide. The ratio 
of isomerised complex versus unisomerised complex was used to plot the graph.  
After showing the L1-DNA cross-linking was greatly reduced by modifying the -29 region, the 
next question to address was whether the interaction between PspF L1 and the -29 
promoter region has any functional relevance. The shortened and truncated -12-11/WT DNA 
probes were subject to the standard ‘supershift’ assay with PspF1-275 WT to assess their 
ability to isomerise the DNA•σ54 binary complexes.  
In the absence of core RNAP, the σ54 binding was abolished when the non-template -30 to -
27 region or the entire region upstream of ‘GG’ was removed (Figure 4.14B). As the probes 
shortened from the non-template -30 towards -28, the amount of isomerised DNA•σ54 
complexes (ssDNA•σ54: DNA•σ54) was reduced by approximately 5-fold (Figure 4.14B), 
clearly supporting the view that a physical link between L1 and the -29 region is important 
for the energy coupling and the core RNAP-independent sigma isomerisation. 
4.2.9.3 Removal of the -29 region greatly affects holoenyzme binding and RPo formation 
After showing truncation of the -29 region affected σ54 binding on the early-melted -12-
11/WT DNA probe, the standard ADP-AlFx ‘trapping’ reactions were carried out to assess 
whether the same effect was observed on two other linear DNA probes: the homoduplex 
WT/WT and the late-melted -10-1/WT. Furthermore, would the presence of core RNAP 
stabilise σ54 binding on the truncated DNAs?  
As expected the affinity of σ54 for DNA was extremely sensitive to the DNA 
conformation/sequence at the consensus GG element (a predominant role for σ54 binding), 
as truncation of the -29 region from all three DNA probes failed to generate either DNA•σ54 
or DNA•PspF1-275•σ
54•ADP-AlFx complexes (Figure 4.15A). With the addition of core RNAP, 
the holoezyme still failed to bind the truncated homoduplex WT(-60-27)/WT(-60-27) (Figure 
4.15A). However, the ability of holoenzyme to bind the truncated early-melted -12-11(-60-
27)/WT(-60-27) and late-melted -10-1(-60-27)/WT(-60-27) probes was restored to an extent 
(with a 3-fold and 18-fold reduction respectively, Figure 4.15A). Overall, truncation of the 
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compared with that from the truncated probes and expressed in reduction fold. (B) Standard 
abortive assays were performed with 10min activation. The amount of RPo generated from the 
unmodified probes was compared with that from the truncated probes and expressed in reduction 
fold. The open bar with two lines across the centre represents complete abolishment in either σ54 
binding or RPo formation. All the reactions were performed in at least duplicate. 
The DNA•σ54 isomerisation data from the previous section established that the -29 region is 
important for the core RNAP-independent activation. The next experiment was to 
determine whether the -29 region was also important for isomerisation of the closed 
complex RPc (Eσ
54-DNA) to the open complex RPo. The standard RPo formation assay (see 
section 2.2.13) was performed and the amount of RPo formed from the unmodified DNAs 
was compared to that from the truncated DNAs in terms of fold reduction.  
The removal of the -29 region completely abolished RPo formation from the truncated 
homoduplex WT(-60-27)/WT(-60-27) and the early-melted -12-11(-60-27)/WT(-60-27) 
probes (Figure 4.15B). The amount of RPo was reduced by 35-fold as a result of the -29 
truncation on the late-melted -10-1(-60-27)/WT(-60-27) probe (Figure 4.15B). Overall, the 
RPo formation was more severely affected than the DNA binding with the truncated DNA 
probes (compare Figure 4.15 B with A), suggesting the disruption of L1-DNA interaction at 
the -29 region affects transcription activation more than just by diminishing holoenzyme 
binding.  
4.2.10 σ
54
 R336A is less sensitive to the -29 truncation 
Residue R336 of σ54 is located in the DNA X-linking motif of Region III (Figure 1.8). Mutation 
of this residue to Ala (σ54 R336A) imparts an activator-bypass phenotype (Chaney & Buck, 
1999) where the RPo formation is independent of PspF hexamers on a supercoiled or a linear 
-10-1/WT nifH promoter. However, the mechanism of this activator-bypass phenotype is 
unclear. Since the activator-dependent RPo formation (with PspF1-275 WT-σ
54 WT) involves 
the interaction between L1 and the -29 region (previous section), it is possible that in the 
activator-bypass RPo formation (with σ
54 R336A alone) the essential organisation of σ54 
R336A with respect to L1 and the -29 region is different. To test this hypothesis, the RPo 
formation assay was conducted with either σ54 WT or R336A on the unmodified and 
truncated linear DNA probes.  
Functional studies of the ‘GAFTGA’ motif of 
 
Figure 4. 16. σ
54
 R336A is less sensitive to the 
performed with increasing activation time. The reduction fold 
probes versus RPo from truncated probes. 
The activator-dependent RPo
time on the -10-1/WT probe but was drastically reduced when the 
(a 33-fold reduction on average, Figure 4.16). However, the activator
(with σ54 R336A alone) remained relatively constant on both DNA probes and was only 
reduced by 8-fold when the 
reduction were not due to different affinities between Eσ
holoenzymes towards DNA (Figure 4.17). The a
R336A variant is 4-fold less sensitive to the 
Escherichia coli
118 
-29 truncation. Standard RPo formation
was expressed as RP
 
 formation (with PspF1-275 WT-σ
54 WT) increased steadily with 
-29 region was removed 
-bypass RP
-29 region was removed (Figure 4.16). The differences in RP
54 WT and Eσ
bove observations demonstrate that
-29 truncation than the σ54 WT, possibly because 
 Phage Shock Protein F 
 
 assays were 
o from unmodified 
o formation 
o 
54 R336A 
 the σ54 
Functional studies of the ‘GAFTGA’ motif of 
 
its activator-bypass activation mechanism is less dependent on the PspF L1
Clearly, the -29 region is important for σ
dependent manner. 
Figure 4. 17. The DNA binding ability of
truncated -10-1/WT DNA probes were radio
4.3 Discussion 
The majority of the ‘GAFTGA’ residues are important for σ
substitutions completely abolished the ‘trapped’ complex formation. Residue G83 of the 
‘GAFTGA’ motif may not be a major σ
G83F and G83pBpa) only weakened the σ
advantageous to the cross-linking approach
binding. With the extension of the 3.1
requirement to contact L1’s protein and D
exposure. By using PspF1-275 
potentially cross-link to one and 
acid patch(s) responsible for the ‘GAFTGA’ interaction is yet to be determined by mass 
spectroscopy. One speculation 
and hexad repeats (residues 19
(Hsieh & Gralla, 1994, Syed & Gralla, 1997, Syed & Gralla, 1998)
be contacted by L1s from adjacent protomers. One interesting observation of this study is 
that the mixture of σ54RI and σ
Escherichia coli
119 
54 WT-containing RNAP to form RP
 Eσ
54
 WT and Eσ
54
 R336A holoenzymes.
-labelled (blue sphere) on the non-template strand. 
54 contact as their 
54 contact determinant because its substitutions (G83A, 
54 interaction. However, this is somewhat 
, since G83pBpa retains key determinants for σ
 Å cross-linker, G83pBpa fulfills the spatial 
NA targets without compromising the overall L1 
G83pBpa as a tool, this study has demonstrated that L1 can 
possibly multiple locations within σ54RI. The precise amino 
is that the σ54RI cross-linking site would be the leucine heptad 
-44) where the activator-bypass mutations are concentrated 
. These leucine repeats could 
54
∆RI did not generate the same cross-linking pattern with L1 as 
 Phage Shock Protein F 
-DNA interaction. 
o in an activator-
 
 The unmodified and 
 
pBpa 
54 
Functional studies of the ‘GAFTGA’ motif of 
 
did σ54FL, suggesting the L1 contact requires the integrity and proper domain 
σ54.  
Figure 4. 18. The proposed organisation
star whereas the σ54 cross-linking site is indicated by the green star. 
depicted in an open ring configuration (N. Joly 
by ‘i’. The ‘-24’ consensus ‘GG’ 
element (at -14-13 in nifH promoter) are also indicated. 
The DNA footprinting method in 
(from -30 to -27) on the non
interacting region observed by Bose 
region is located immediately upstream of the 
conserved residues from all three helices of 
Although both L1 and σ54RIII 
strand (Figures 4.18 and 4.19), L1 does not contact σ
may access the -29 region from different DNA grooves and the 
affect the overall σ54RIII orientation 
Escherichia coli
120 
 in RPc/RPI. The DNA cross-linking site is indicated by the red 
The PspF
unpublished data) with the first protomer indicated 
element (at -26-25 in nifH promoter) and the 
 
this study demonstrated that L1 contact
-template strand in RPc/RPI (Figure 4.18
et al (from -29 to +11, (Bose et al
GG consensus element and is 
the σ54 RpoN box (in σ
(via RpoN box) contact the -29 region on the non
54
RIII directly (Figure 4.8). L1 and σ
L1-DNA interaction may 
via the -29 DNA-σ54 RpoN box interaction. Furthermore, 
 Phage Shock Protein F 
organisation of 
 
1-275 hexamer is 
‘-12’ consensus ‘GC’ 
ed the -29 region 
), within the PspF 
., 2008)). The -29 
recognised by 
54
RIII, Figure 4.19). 
-template 
54
RIII 
Functional studies of the ‘GAFTGA’ motif of 
 
the holoenzyme at the -12 DNA melting site may be repositioned via the proposed 
flap interaction (Doucleff et al
formation associated with the 
misalignment of holoenzyme at the 
activation defect associated with the 
play additional roles during the ac
Figure 4. 19. The σ
54
 RpoN box (in 
consensus GG element is located at 
green.  The -29 region (L1 cross
residues (red) from all three helices of 
In the proposed RPc/RPI model of σ
are likely to contact DNA and σ
the non-template strand meanwhile another L1 from protomer 
from promoters i+2 and i+3) contacts σ
from protomer i+1 may align with the 
chapter) and/or DNA melting. 
Escherichia coli
121 
., 2007, Wigneshweraraj et al., 2003). Thus the defect of RP
-29 truncation could be partially attributed to the 
-12 site. However, the core RNAP
-29 modification suggests the L1-DNA interaction must 
tivation process (discussed below).  
σ
54
RIII) binds to the consensus GG element (PDB entry 2O8K).
-26-25 on the non-template strand (yellow) and is highlighted in 
-linking site) is highlighted in red and is contacted by conserved 
the σ54 RpoN box (blue).  
54 transcription complexes (Figure 4.18
54
RI. One L1 from protomer i contacts the 
i+2 (or two adjacent L1s 
54
RI (Figure 4.18). The residue F85 presented by L1 
-12 inhibitory fork junction for DNA sensing (previous 
 
 Phage Shock Protein F 
σ54RIII-β 
o 
-independent 
 
 The 
), independent L1s 
-29 DNA region on 
Functional studies of the ‘GAFTGA’ motif of Escherichia coli Phage Shock Protein F 
122 
 
The strand preference of σ54 at the -24 and -12 consensus elements is different: σ54 binds to 
the non-template strand at the -24 consensus via σ54RIII RpoN box (Figure 4.19) and to the 
template strand at the -12 fork junction possibly via σ54RI (Guo et al., 1999). It is believed 
that with ATP and activators, σ54 would reverse the strand preference at the -12 fork 
junction (from the template strand to the non-template strand) to match that of σ70 in order 
for holoenzyme to reach the fully active state, an event called ‘strand switching’ (Cannon et 
al., 2000, Gralla, 2000, Guo et al., 2000). The concomitant non-template strand occupancy 
of PspF L1 and σ54RIII RpoN box at the -29 region may play a significant role in the 
downstream ‘strand switching’ event. L1 may initiate a reorganisation event of σ54RIII RpoN 
box with respect to the promoter DNA and σ54RI, which could in turn alleviate the local 
inhibitory interactions made by σ54RI and the -12 template strand and facilitate the -12 DNA 
melting process. This could account for the core-independent activation defect when the -
29 region-L1 interaction was disrupted.  
Joly et al (N. Joly unpublished data) demonstrated that the PspF1-275 hexamer may exist in an 
open ring configuration and at least two WT protomers were needed for DNA binding. In 
this study, the observation of two WT protomers in the doped G83pBpa hexamers giving the 
strongest DNA cross-linking signal is consistent with this model. The two WT protomers are 
most likely to occupy positions i and i+1 to transmit the hydrolysis energy via the protomer 
interface to re-organize the G83pBpa-containing L1 expsure.  
Previous cross-linking experiments reported that the -12 fork junction DNA cross-linked to 
σ54 but not to core RNAP (Burrows et al., 2008, Cannon et al., 1995). Thus the core RNAP 
may be distant from the -12 fork junction associated L1 (from protomer i+1, Figure 4.18). 
Since L1 from protomer i is involved in -29 DNA contact and L1s from protomers i+2 and i+3 
in σ54RI contact, the remaining L1s (from protomers i+4 and i+5) located on the downside of 
the open ring may be too far to contact core RNAP directly, consistent with the cross-linking 
data.  
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Chapter 5 Architecture of the ATPase catalytic site 
5.1 Introduction and objectives 
The AAA+ ATPases oligomerise (often into hexamers) to ensure the correct formation of the 
catalytic site at the self-association interface. This unusual configuration of the catalytic site 
is very similar to that of the GTPases and is thought to be advantageous for protomer 
communication and signal amplification within the hexamers (DeLaBarre & Brunger, 2003, 
Erzberger & Berger, 2006, Joly & Buck, 2010, Ogura et al., 2004, Song et al., 2000, Wang et 
al., 2003). 
The AAA+ ATPases are defined by three conserved structural and functional motifs (Ogura & 
Wilkinson, 2001): the Walker A and B motifs and the second region of homology (SRH). It 
has been generally accepted that the cis (from the same protomer) Walker A (consensus 
GxxxxGK(T/S) where x represents any residue) and Walker B (consensus hhhhDE where h 
represents a hydrophobic residue) motifs are involved in ATP binding and hydrolysis 
respectively (Walker et al., 1982). Despite the cis Walker residues, the formation of the 
catalytic site also requires a trans (from an adjacent protomer) Arg-finger (or R-finger) in the 
SRH, so named because of the geometric similarity to the Arg-fingers in the GTPase-
activator proteins when complexed with GTPases (Ahmadian et al., 1997, Scheffzek et al., 
1997). The R-finger has been proposed to facilitate ATP hydrolysis: the side chain of the R-
finger protrudes from a trans protomer to neutralize the accumulated negative charge of 
ATP at the transition state (Maegley et al., 1996). In a few atypical GTPases, the absence of a 
trans R-finger can be compensated by either mono-valent cations (Na+ in Dynamin and K+ in 
MnmE, (Chappie et al., Scrima & Wittinghofer, 2006)) or cis Arg residues (human GBP1, 
(Ghosh et al., 2006)).  
The trans R-fingers of AAA+ ATPases have only been identified and studied in a few 
examples: HslU (Bochtler et al., 2000, Song et al., 2000), DnaA (Kawakami et al., 2005), RuvB 
(Putnam et al., 2001), Lon (Besche et al., 2004), NtrC (Rombel et al., 1999), NtrC1 (Chen et 
al., 2010), MCM (Davey et al., 2003), and LTag (Greenleaf et al., 2008). Owing to various 
phenotypes affected by the R-finger mutations, the definition of an R-finger is ambiguous 
and a unifying mechanism for its role in ATP hydrolysis is absent (i.e., associative vs 
dissociative). In general, mutations of an R-finger residue affect ATP hydrolysis and self-
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association but not ATP binding (Ogura et al., 2004, Song et al., 2000). Many cis and trans 
charged residues also line the catalytic site; their potential roles in contacting ATP/ADP (and 
Mg2+/apical water) and in constituting the interface are unclear. Thus in this study, variants 
of PspF1-275 were made not only to identify the true R-finger in PspF but also to elucidate the 
roles of the interface residues. The biochemical data were combined with the structural 
model in a hope to provide a detailed architecture of the catalytic site of PspF. 
 
 
Figure 5. 1. Localization and sequence alignment of the targeted residues in this study. (A) 
Localization of the targeted residues on the PspF structure (PDB entry 2C9C, (Rappas et al., 2006)). 
The ‘cis’ residues function from the same protomer whereas the ‘trans’ residues function from an 
adjacent protomer. (B) Sequence alignment of PspF from Escherichia coli, NtrC from E. coli, ZraR 
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from E. coli, AtoC from E. coli, HsfA from Myxococcus xanthus, NtrC1 from Aquifex aeolicus, NifA 
from Sinorhizobium meliloti, NorR from E. coli, AcoR from Pseudomonas aeruginosa, HrpR and HrpS 
from Pseudomonas syringae pv. tomato str. DC3000 and DctD from Rhodobacter capsulatus 
(numbering according to PspF sequence). Black triangles indicate the targeted residues for this study. 
5.2 Results 
5.2.1 Walker A motif is unexpectedly involved in a trans communication pathway 
The Walker A motif of PspF contains a highly conserved cis Lys residue (K42). When mutated 
(K42A), the variant lost the ability to bind ATP, implying a role as an ATP binding 
determinant (Schumacher et al., 2004). Immediately after residue K42, the consensus (T/S) 
is replaced by an E43 residue in PspF (GxxxxGKE instead of the consensus GxxxxGK(T/S), 
Figure 5.1B). The conservation of this E43 replacement in AAA+ Clade 6 (bEBPs, Figure 5.1B) 
suggests it may be involved in regulating protein activities. Structural modelling indicated 
that E43 was proximal (≈ 2.7 Å) to a trans Y126 in the ATP bound state but caused a steric 
clash (≈ 1.8 Å) in the ADP bound state (Figure 5.2 B (i)), suggesting a potential nucleotide-
dependent function of this interaction pair.  
To determine the impact of mutations on the catalytic interface, an NADH-coupled 
regeneration system (see section 2.2.3) was used to measure the ATPase activities under a 
constant ATP level. The ADP generated by PspF1-275 variants was converted to ATP in the 
presence of phosphoenolpyruvate (PEP) and pyruvate kinase (PK). The resulting pyruvate 
(Py) was subsequently converted to lactate at the expense of oxidation of NADH. The rate of 
NADH absorption decrease at 340nm directly reflected the rate of steady-state ATP 
hydrolysis of PspF1-275 variants (summarized in Table 5.1).  
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Figure 5. 2. Functional analyses of the targeted interface residues. Three sets of PspF1-275 variants 
are grouped for their specific impact on protein functions: (A) R162, D164 and R168, (B) L9, E42, L44 
and Y126, and (C) E118, R122 and E125. For each set of PspF1-275 variants, four functional aspects 
were examined: (i) the side chain orientation at the interface in the presence of ATP or ADP 
(adjacent protomers are highlighted in yellow and red respectively), (ii) substrate interaction by 
quantifying the amount of stable PspF1-275•σ
54•ADP-AlFx complexes, (iii) ATPase activities (Table 5.1) 
and (iv) substrate remodelling using the RPo formation assay. The experiments were performed in at 
least triplicate and the variation was <10%.  
The non-conserved E43 substitutions (E43A and E43Y) drastically increased Km (Michaelis-
Menten constant) and decreased Vmax (Maximal ATP turnover) of the ATPase activity (Table 
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5.1), suggesting a major defect in ATP binding and hydrolysis was associated with these 
substitutions. The charge-conserved E43D substitution however exhibited half the Vmax and 
unaltered Km (Table 5.1), suggesting the retention of a negative charge at this position is 
more essential for ATP hydrolysis than for ATP binding.  Despite the lower ATPase activity of 
E43D, this PspF1-275 variant showed WT-like substrate interaction and remodelling (σ
54 
interaction and RPo formation respectively, Figure 5.2 B (ii) and (iv)). The same phenotype 
was consistently observed with the two Y126 variants (Y126A and Y126E, Figure 5.2 B (ii-iv)), 
proposed to interact with E43. The above observations raised the possibility of E43 and 
trans Y126 forming an interaction pair vital for high ATP turnover, as the disruption of either 
partner of this interaction greatly reduced the ATPase activity (Figure 5.2 B (iii)).  
Protein Vmax (min
-1
) Km (μM) 
WT 39.506 ± 4.624 250  
L9A 20.723 ± 2.551 2 300  
K42A Not Detected Not Detected 
E43A 1.372± 0.097 750 
E43D 22.26± 4.8 250  
E43Y 2.49± 0.17 1250  
L44A 18.168 ± 2.421 310  
N64Q  1.5± 0.1 500  
D107A  0.233 ± 0.050 300  
E108A  0.147 ± 0.009 100  
E108Q  0.067 ± 0.001 100  
E118A 0.603± 0.048 >1500 
E118D 20.23± 3.7 800  
E118R 0.307± 0.047 50 
R122A 1.261± 0.026 300  
R122E 0.947± 0.058 200  
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E125A  8.864± 0.379 $ 2 000  
E125D  0.428 ± 0.007 160  
E125Q  3.386 ± 0.381 $ 170  
Y126A 11.948± 1.772 650  
Y126E 12.818± 1.03 800  
R162A 0.178±0.018 90 
R162E  0.282 ± 0.006 > 3 000  
R162K  1.878 ± 0.285 200  
R162H  0.081 ± 0.013 3 000 
D164A  0.205 ± 0.019 120  
D164N  1.825 ± 0.134 # 155  
D164Q  0.131 ± 0.046 > 5 000  
R168A  0.170 ± 0.026 > 4 500  
R168E  0.113 ± 0.032 > 3 000  
R168K  0.121 ± 0.024 > 4 000  
R168H  0.433 ± 0.059 > 5 000  
Table 5. 1. Kinetic constants of the ATPase activity for each PspF1-275 variant. The maximal ATP 
turnover rate was measured by Vmax ($ indicates no Vmax and linear increase with concentration, # 
indicates Vmax at a low concentration) whereas the ATP binding affinity was measured by the 
Michaelis-Menten constant Km. Above data were an average of at least three independent 
experiments with a maximal error of 10%.  
5.2.2 N-terminal Leu residues stabilise ATP binding 
Residue L44 immediately adjacent to the PspF Walker A motif is conserved in some bEBPs 
(Figure 5.1B). The structural modelling placed this residue close to the 2’-OH of ribose 
(Figure 5.1A), suggesting a role in stabilisation of ATP binding rather than in direct hydrolysis. 
Residue L9 at the N-terminus of PspF was placed close to the N1 position of adenine (Figure 
5.1A), thus a similar stabilising effect on ATP binding was expected. The Ala substitutions of 
L9 and L44 both reduced the ATPase activities by 50% compared to WT without significantly 
interfering with either σ54 interaction or RPo formation (Figure 5.2 B (ii) and (iv)). As 
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predicted by the structural modelling
(Km of 2300 μM for L9A and K
major ATP binding determinant whereas L44 may have a
the β- and γ- phosphates via its interaction with the ribose. 
5.2.3 R162 is likely to be the ‘
The key features that define 
not ATP binding, (ii) mutations greatly affect self
in the loss of all activities, and (iv) 
2004). In PspF, the identification of the 
proposed that residue R162 (Figure 5.1A and B) could be the PspF R
comparison with NtrC residue R294 
that the ‘true’ R-finger of PspF was residue R168 (Figure 5.1 A a
observation of nucleotide-independent 
(Schumacher et al., 2004).  
Figure 5. 3. Gel filtration of the putative R
variants (B) were chromatographed at two concentrations (20
nucleotides at 4°C.  
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To elucidate the ‘true’ functional R-finger of PspF, these two Args were systematically 
mutagenised to Ala (R162A and R168A), acidic Glu (R162E and R168E) and basic Lys and His 
(R162K, R162H, R168K and R168H). After purification, the influences of introducing the 
above substitutions on the ATPase activity, oligomerisation, σ54 interaction and RPo 
formation were each examined. All the R162 and R168 substitutions drastically reduced the 
PspF ATPase activity (Figure 5.2 A (iii)). For the R162A and R162K variants, although severely 
defective for ATP hydrolysis, their affinity for ATP binding was slightly improved over WT (Km 
of 90 μM for R162A and Km of 200 μM for R162K vs Km of 250 μM for WT, Table 5.1). 
However, this was not the case for R168 variants where the experimentally determined Km 
values were all at least 10-fold higher than that for WT (thus >10-fold reduction in ATP 
binding, Table 5.1), suggesting a significant role for residue R168 in ATP binding. Although all 
the R162 and R168 variants were able to form constitutive hexamers (Figure 5.3), only 
R162A, R162K and R168K were capable of interacting with σ54 (Figure 5.2 A (ii)). The defect 
in σ54 interaction of the hexamerised R162 and R168 variants was likely due to an 
unfavourable L1 exposure rather than a major alteration in gross self-assembly to form the 
hexamer. The detrimental effect on ATP hydrolysis and σ54 interaction of substituting the 
two putative R-fingers resulted in a failure to yield RPo with most of the variants, except for 
R162K (Figure 5.2 A (iv)). The conservation of a positive charge at R162 in R162K helped 
maintain the PspF activation ability to an extent, whereas this was not observed with R168K. 
Taken together, the above results clearly suggest the two putative R-finger candidates have 
some overlapping yet specific roles. Substitutions of both R162 and R168 severely reduced 
the PspF ATPase activity and affected the trans communication at the interface. However, 
the R168 substitutions had a more pronounced impact on ATP binding than did R162 
substitutions. The true R-finger of PspF is likely to be residue R162, based on the following 
consideration: Lys should replace Arg if the role of the R-finger is to neutralize the build-up 
of negative charge at a distance.  
5.2.4 trans D164 may contribute to an ‘R-hand’ 
The structural analysis revealed that a trans Asp residue (D164 in PspF) was located 
between the two putative R-fingers (R162 and R168) and was highly conserved across bEBPs 
(Figure 5.1 B). The side chain of the trans D164 in PspF was modelled close to the γ-
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phosphate and concomitant movement was observed with the 
at different nucleotide bound states (Figure 5.2 A (i)), suggesting a concerted effort was 
made by all three trans residues to 
D164 was substituted to Ala (D164A) and p
Figure 5. 4. Gel filtration of D164 variants.
concentrations (20μM and 64μM) in the absence of nucleotides at 4°C.
Indeed, the D164 variants exhibited similar phenotypes as the two putative R
severely defective ATPase activities (Figure 5.2 A (iii)) and constitutive 
(except for D164N, Figure 5.4). Two of the D164 variants (D164A and D164
slightly improved ATP binding affinity over WT (
for D164N vs Km of 250 μM for WT, Table 5.1). A similar phenotype was observed with the 
‘true’ R-finger variants (R162A and R162K, Table 5.1), clearly demonstrating a functional 
linkage between D164 and R162. 
the D164N variant (Figure 5.4), 
self-association interface.  None of the D164 variants was able to engage σ
respect were similar to the majority of the R168 variants (Figure 5.2 A (ii)). The failure to 
efficiently hydrolyse ATP and to couple the hydrolysis energy v
defect in all the D164 variants (Figure 5.
Based on the high sequence conservation of residues R162, D164 and R168 (Figure 5.1B) 
and their overlapping roles in ATP hydrolysis, σ
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motif which has the R-finger functionality. 
5.2.5 Identification of new trans
The flexible L2 loop is inserted in Helix 4 and is thought to coordinate L1 movement 
et al., 2006). Helix 4 constitutes a major part of the self
to affect the nucleotide-driven communication within the hexamer 
Rappas et al., 2006). Many charged residues can be found at the surface of Helix 4. Three 
residues (E118, R122 and E125) close to the 
2008) were particularly chosen for this study. 
Figure 5. 5. Gel filtration of E118 
were chromatographed at two concentrations (20μM and
4°C. 
The conserved E118D substitution had a slight effect on ATP hydrolysis (Figure 5.2 C (iii)) 
and hexamerisation (Figure 5.5) but no effect on σ
C (ii) and (iv)). In contrast, the E118A and E118R variants formed constitutive hexamers 
(Figure 5.5) and exhibited drastically reduced ATPase activities and σ
5.2 C (ii) and (iii)), resulting in completely abolished RP
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conservation of a negative charge at position 118 not only is important for ATP hydrolysis 
but also for other nucleotide-dependent activities, consistent with its potential role in 
coordinating the cis R162 with the trans E108 (Figure 5.2 A (i) and C (i)). The R122 variants 
(R122A and R122E) showed severely defective ATPase activities without compromising ATP 
binding (Table 5.1). Constitutive hexamerisation was also favoured for R122 variants (Figure 
5.4). Although the above phenotypes fulfil the definition of an R-finger (see section 5.2.3), 
based on the structural modelling, R122 is likely to face away from the γ-phosphate of ATP 
(Figure 5.2 C (i)). The side chain of R122 may not be involved in establishing a σ54 interaction, 
as the R122A variant could still engage σ54 stably (80% of WT, Figure 5.2 C (ii)). However, the 
charge change substitution (R122E) inhibited the σ54 interaction (Figure 5.2 C (ii)). The 
E118A and R122E variants abolished the σ54 interaction probably due to uncoordinated L1 
movements within the hexamer: (i) these substitutions may have affected the nearby trans 
N64-E108 switch pair, thus affecting the trans L1 exposure via the switch pair-L1 intra-
molecular pathway (Chapter 3), and/or (ii) these substitutions may affect the orientation of 
Helix 4 they reside in, disrupting the Helix 4-trans Helix 3 communication (Joly & Buck, 2010). 
The E125 variants drastically reduced the ATPase activity without affecting the σ54 
interaction (Figure 5.2 C (ii) and (iii)). The structural modelling placed E125 close to the trans 
Sensor II residues (I226, R227 and N231, (Rappas et al., 2006, Schumacher et al., 2006)), 
consistent with its impact on ATP hydrolysis.  
5.2.6 E125 variants have an atypical effect on oligomerisation 
Substitutions of the majority of the interface residues in this study (R162 variants, R168 
variants, D164A, D164Q, E118A, E118R and R122 variants) promoted constitutive 
hexamerisation. The constitutive hexamers had an elution profile similar to that of the WT 
hexamers in the presence of nucleotides; however they were usually associated with 
defective ATPase activities. This would suggest an alteration of the catalytic site has 
occurred, which disfavoured correct ATP binding and/or hydrolysis. A closer examination of 
the E125 variants revealed interesting observations on the oligomerisation process. In the 
absence of nucleotides, both E125A and E125Q formed concentration-dependent hexamers 
whereas E125D was defective for oligomerisation (Figure 5.6). However in the presence of 
nucleotides (ATP or ADP), all three E125 variants strongly disfavoured high order oligomer 
formation (Figure 5.6). To date this phenotype of decreased oligomerisation in the presence 
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of ATP or ADP has never been observed with any PspF variants or variants of other bEBPs. It 
strongly suggests a crucial role for residue E125 in a nucleotide-dependent control of self-
association.  
 
Figure 5. 6. Gel filtration of E125 variants in the presence and absence of nucleotides. PspF1-275 
E125 variants were chromatographed in the absence of nucleotides (at 20 μM and 64 μM) and in the 
presence of nucleotides (ATP or ADP) at 4°C. 
5.2.7 M115 substitutions promote formation of a super-activity of PspF 
PspF contains tandem Met residues at positions 114 and 115 (Figure 5.1B). Although this 
‘MM’ combination was not conserved in bEBPs (Figure 5.1B), sequence alignment however 
suggested a Met-rich property of this region (Figure 5.7B), implying a potential significance 
in function. The structural modelling indicated that M114 and M115 of PspF were located 
on the opposite side of Helix 4 and might be important for intra-molecular interactions: 
M114 might interact with Helix 6 at the self-association interface whereas M115 might 
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much higher rate than WT within 5min of activation time (Figure 5.7D). However, with 
prolonged activation time (10-30min), the rate started to drop off (Figure 5.7D). In contrast, 
the rate of RPo formation with WT increased steadily within 30min activation time and was 
significantly slower than that of M115 variants (Figure 5.7D). The M114A variant only 
generated half the amount of RPo of WT (with 5min and 30min activation, data not shown). 
The above data clearly demonstrate that the two Mets have unequivalent roles in Helix 4. 
The super-activity as a result of M115 substitutions cannot be explained by the additive 
effect of σ54 interaction and ATPase activity. It is possible that a functional ‘shortcut’ (rapid 
L1 movement or DNA melting) or a specific oligomeric state (rapid signal amplification at the 
self-association interface) created by the M115 substitutions is responsible for this super-
activity.  
5.3 Discussion 
The two putative R-fingers in PspF shared extensive phenotypes in ATP hydrolysis, σ54 
interaction and RPo formation in the mutagenesis studies, making the identification of the 
true R-finger difficult. However, the ATP binding data indicated that residue R162 was the 
‘true’ R-finger in PspF. Agreeing with the biochemical data, R162 was modelled close to the 
γ-phosphate whereas R168 was modelled close to the ribose (Figure 5.2 A (i)). The impact of 
R168 substitutions on ATPase activity was likely due to a structural change transmitted 
along the helix to R162. It has been suggested that depending on how the R-finger is 
positioned, the hydrolytic mechanism can either be associative or dissociative (Maegley et 
al., 1996). If the mechanism is associative, the R-finger usually neutralizes the developed 
negative charge on the γ-phosphate from the end. If the mechanism is dissociative, the R-
finger neutralizes the developed negative charge on the β-γ oxygen from the side (Maegley 
et al., 1996). In this regard, the PspF R162 finger which approaches the γ-phosphate from 
the end (Figure 5.8A) is likely to promote an associative mechanism for ATP hydrolysis.  
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Figure 5. 8. Structural comparison of PspF R
in the ATP and ADP bound states. The two protomers are highlighted in magenta and yellow 
respectively. (B) The catalytic site of SV40
and 1SVL respectively). The two protomers are highlighted in magenta and y
This study also identified an additional residue D164 
(R162-D164-R168) in PspF. The high level of conservation of this residue in bEBPs (Figure 
5.1B) implies a functional importance. Indeed, in the crys
ADP bound, PDB entries 1SVM and 1SVL respectively, 
(equivalent to PspF D164) facilitates ATP hydrolysis a
movement with the R-finger residue R540 
PspF R162-D164 with LTag R540
location with respect to the γ
might be a hydrolytic feature not only conserved in bEBPs but also in other Clades of AAA+ 
proteins.  
The PspF Walker A residue E43 diverges from the consensus (T/S) residue but essentially 
carries out the same function in coordinating the Mg
phosphates (Gai et al., 2004, Lenzen
al., 1998). The structural and biochemical analyses suggested that the E43 formed an 
interaction pair with the trans
ATP bound state but sterically clashes in the ADP bound state (Figure 5.2 B (i)). It is 
that the clash between E43 and 
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Figure 5. 9. Structural modelling
likely to make an interaction with E70 and D74 on Helix 3 where L1 is inserted. 
The mutagenesis studies revealed 
variants. This is the first time that super
PspF1-275 variants. The initial speculation of the cause of this
since in the ADP bound state, L1 was proposed to lock to the base of Helix 3 via the F85
interaction (Rappas et al., 2006)
3 via E70/D74 (Figure 5.9), which in turn may disrupt the F85
be in a constantly projected state to interact with σ
nucleotide-driven movement and shortening the RP
speculation does not explain why 
30min and was not supported by the gel filtration data (no observation of M115 variants 
stably engaging σ54 in the absence of nucleotide analogues, data not shown). The time
dependent RPo formation with M115 variants suggests the super
more efficient energy coupling process or DNA melting process. 
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Chapter 6 Impact of the β’ coiled coil motif on σ54 docking 
and activation 
6.1 Introduction and objectives 
The housekeeping prototypical σ70 was discovered in 1969 (Burgess et al., 1969). Since then, 
in E. coli six alternative σ factors from the σ70-family and one major σ factor from the σ54-
family have been identified (Lonetto et al., 1992, Wosten, 1998). The competition of 
individual σ factors for the same core RNAP constitutes a major part of global gene 
regulation in bacteria (Zhou & Gross, 1992). Understanding the molecular basis of σ binding 
to core RNAP will aid in answering the question of how different σ factors sequester core 
RNAP to achieve the regulated transcription. To date, much effort has been made on 
assigning the core RNAP binding regions on σ. Based on the FeBABE footprinting data, it was 
speculated that all σ factors bind to the same sites on core RNAP (Traviglia et al., 1999): (i) 
the very strong binding site on β’ 260-309 (numbering according to E. coli, (Arthur & Burgess, 
1998)), (ii) the weak binding site on β 383-554 (including the conserved region C and RifR 
sites, (Owens et al., 1998)), and (iii) the weak binding site on β 854-1022 (including the 
conserved region G, (Owens et al., 1998)). The crystal structure of an E. coli σ70 fragment at 
2.6Å resolution (PDB entry 1SIG) showed that σ702, the most conserved region across all σ
70 
class members, formed a helical bundle (by σ701.2, σ
70
2.1, and σ
70
2.2) which could interact with 
the β’ residues 260-309 (Figure 6.1B) (Arthur & Burgess, 1998, Malhotra et al., 1996). The β’ 
260-309 region was predicted to form an anti-parallel coiled coil motif with a heptad repeat 
designated a-g (Figure 6.1C, (Arthur & Burgess, 1998)). The coiled coil motif is very common 
for protein-protein interactions (Gentz et al., 1989, Landschulz et al., 1988, Liu et al., 2006, 
McLachlan & Stewart, 1975): Positions a and d are typically occupied by hydrophobic 
residues whose burial provides a large amount of binding energy, whereas positions e and g 
are frequently polar or charged residues for intra- and inter-molecular interactions (Kohn et 
al., 1998, Krylov et al., 1994, Lupas et al., 1991, McLachlan & Stewart, 1975, O'Shea et al., 
1993).  
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Figure 6. 1. Modelling of β’ coiled coil motif.
E. coli (Ec), T. thermophilus (Tth
Residues of interest are highlighted in red. (B) The proposed interaction between σ
coil motif (crystal structure of T
and the β’ coiled coil motif are highlighted in blue, wheat, green and yellow respectively. 
interest are numbered according to 
numbered according to E. coli) wit
(solid spiral) whereas the helix 
Superimposition of the core RNAP binding fragments from σ
et al., 2000)). The K. pneumonia
and the E. coli σ70 core binding fragment (114
Although σ54 differs from all the σ
geometry, the low resolution SAXS structure (Figure 6.1D) showed that the core RNAP 
binding fragment of σ54 (K. pneumonia
as the counterpart of σ70 (E. coli 
classes may bind to similar surfaces on core RNAP 
Wigneshweraraj et al using a tethered FeBABE footprinting method demonstrated that σ
was in close proximity to β’ conserved region C where the β’ coiled coil motif is located
(Wigneshweraraj et al., 2000)
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 (A) Sequence alignment of the β’ coiled coil motif from 
), and T. aquaticus (Taq). Every 10th residue is marked by a star. 
. thermophilus holoenyzme, PDB entry 1IW7). The σ
E. coli. (C) Helical wheel of the β’ coiled coil motif (
h designated positions a-g. The helix on the left 
on the right comes out of the page (dotted spiral). 
54 and from σ70 (Adapted
 σ54 (full-length, yellow), the σ54 core binding fragment (70
-448, blue) all exhibited a boomerang
70 class members in primary sequence and overall 
e residues 70-324) shared a similar boomerang shape 
residues 114-448), leading to the speculation that both σ 
(Svergun et al
. Thus the main objectives of this chapter were to assess: (i) 
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the potential interaction between σ
of β’ CC substitutions on σ docking (binding) and holoenzyme activities. The comparati
analysis between σ54 and σ70 may help elucidate the fundamental aspects differentiating the 
two transcription paradigms. 
6.2 Results 
6.2.1 Core RNAP expression and purification
Residues at position e of β’ CC (Figure 6.1B and C) may form 
residues) or inter-molecular (with σ residues) interactions via hydrogen bonds or salt 
bridges. Thus N266 (at the base of the 1
occupy position e were chosen for site
mutated to Ala (N266A) to remove the side chain interaction and to Gly (N266G) to impart 
flexibility to the helix. R293 was mutated to Ala (R293A) to remove the side chain 
interaction and to Lys (R293K) to m
judged from its location in the crystal structure (Figure 6.1B) as well as being an interaction 
‘hotspot’ (Bogan & Thorn, 1998)
mutated to Ala (R297A) and Lys (R297K) for the same reason as 
Figure 6. 2. Contamination level of core RNAPs.
core RNAPs (Eβ’ WT and Eβ’ CC variants) were checked on
Sypro Ruby stain. Ten micro-liters of 1.5μM core RNAP were loaded in each lane. The amount of α 
subunit was used to normalize the concentration of core RNAPs (correction factors are listed below 
the gel). (B) RPo formation with residual σ factors after core RNAP purification. The supercoiled 
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intra-molecular (with other β’ 
st helix) and R293 (near the top of the 2
-directed mutagenesis (Figure 6.1 B and C). N266 was 
aintain the same charge. Although R297 lies at position b, 
, it could contribute directly to σ docking. Thus R297 was 
described 
 (A) The composition and contamination level of 
 a 4-20% SDS gradient gel and stained with 
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for R293.  
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and lacUV5 promoters were used for σ54- and σ70-dependent RPo formation respectively. Activator 
PspF1-275 WT and hydrolysable nucleotide dATP were present in the σ
54-dependent reactions.  
The WT core RNAP (Eβ’ WT) and the core RNAP variants harbouring β’ CC substitutions (Eβ’ 
CC variants) were expressed from pVS10 plasmids (encoding E. coli rpoA-rpoB-rpoC(His)x6-
rpoZ genes, (Belogurov et al., 2007)). On average, 1.2mg of core RNAP was purified from a 1 
L culture. As shown in Figure 6.2A, all the core RNAP components were purified (the 
dispensable ω ran off the gel), suggesting the β’ CC variants did not have a major defect in 
core RNAP assembly. Since the β’ subunit was (His)x6 tagged and used to pull down the core 
RNAP during purification, in practice it is possible to have excessive β’-(His)x6 subunits bound 
to the affinity column without associating with the other core RNAP components. 
Normalization using β’-(His)x6 would inevitably over-estimate the amount of functional core 
RNAPs. As an alternative, the amount of α subunits was chosen to represent and correct the 
core RNAP concentration.  
A protein band with an estimated molecular weight of 70kDa was observed in all the 
purified core RNAP samples. Both σ54 and σ70 could have constituted this band because on a 
standard SDS gel, despite the differences in molecular weight, their migration is 
indistinguishable (data not shown). To test this hypothesis and to initially estimate the 
contamination level of each σ factor, the RPo formation assay was performed (Figure 6.2B). 
A fraction of purified core RNAP that associated with the residual σ54 should yield RPo from a 
supercoiled nifH promoter in the presence of activator PspF1-275 WT and dATP, whereas a 
fraction of purified core RNAP that associated with σ70 should yield RPo from a supercoiled 
lacUV5 promoter without energy input. The RPo formation from each (contaminated) core 
RNAP variant was expressed as a percentage of that of WT with the same σ factor and 
promoter. Figure 6.2B clearly confirmed that both residual σ54 and residual σ70 were present 
in the purified core RNAP samples. However, the amount of RPo may not necessarily reflect 
in a simple way the amount of σ factors bound due to, e.g., the potentially affected DNA 
melting ability of each core RNAP variant. These two aspects will be further evaluated in the 
following assays.  
6.2.2 The affinity of core RNAP for σ
54
 is slightly higher than for σ
70
  
It has been postulated that different σ factors may interact with a similar region on core 
RNAP, most likely with β’ CC (Arthur et al., 2000, Malhotra et al., 1996, Owens et al., 1998, 
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Wigneshweraraj et al., 2000). To address the impact of β’ CC substitutions on σ docking, the 
ability of each core RNAP variant to form the holoenzyme with either σ
measured in terms of a dissociation constant (Kd). 
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Figure 6. 3. Binding affinity of core RNAP variants towards σ factors.
RNAPs with σ54. (B) The binding curves of core RNAPs with σ
holoenzyme formation against the concentration of individual σ factors. Each core RNAP variant was 
mixed with the σ factor at 12 different ratios (
and 1:10). The maximal binding (B
The dissociation constant (Kd) was the concentration of σ when half of B
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 (A) The binding curves of core 
70. The binding curves were plotted with 
10:1, 4:1, 2:1, 4:3, 1:1, 1:1.5, 1:2, 1:2.5, 1:3, 1:4, 1:5
max) corresponds to the maximal amount of stable holoenzymes. 
max was reached. 
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The binding affinity of each core RNAP for σ54 was all within 0.2-0.4μM-1 (Figure 6.3A), 
whereas the binding affinity of each core RNAP for σ70 was all within 0.5-0.6μM-1 (Figure 
6.3B). The Eβ’ WT and variants all have a slightly higher affinity for σ54 than for σ70. Thus in 
the binding assay, a higher concentration of σ70 was initially needed to compete with the 
residual σ54 from purification before the σ70-holoenzyme formation started, resulting in a 
more lagged and sigmoidal curve (compare Figure 6.3B with A). In addition, the slightly 
different affinities of core RNAP for σ54 and for σ70 may suggest subtle changes are present 
in the partner residues they choose. Each Eβ’ CC variant showed no significant difference to 
Eβ’ WT in σ docking (Figure 6.3), suggesting the mutated β’ CC positions individually may not 
be major binding determinants. Alternatively, the disruption of σ docking due to point 
mutations of β’ CC may be compensated by other σ-core RNAP interactions, as the σ-core 
RNAP binding interface is extensive (Gruber et al., 2001, Sharp et al., 1999, Zhang et al., 
1999).  
6.2.3 The β’ CC substitutions affect DNA melting and transcription elongation 
Arthur et al (Arthur et al., 2000) generated a β’ CC variant (N266D) which binds to σ70 as well 
as WT but failed to efficiently support cell growth in vivo, suggesting mutations of β’ CC may 
affect transcription either at the level of RPo formation or elongation.  
The previous data showed that each purified core RNAP sample was contaminated with 
residual σ54 and σ70 (Figure 6.2B). In order to accurately estimate the impact of β’ CC 
substitutions on RPo formation, saturating σ concentrations (well above Kd) was used in the 
RPo assays. As shown in Figure 6.4A, the σ
54-dependent RPo formation was most affected by 
the R297K substitution (90% reduction compared to WT). The mis-presentation of the 
positive charge (R297K) is more detrimental than the removal of side chain interaction 
(R297A) on DNA melting, suggesting charge repulsion may be associated with Eβ’ CC R297K. 
The σ54-dependent RPo formation was reduced to 50-60% of the WT level by β’ CC N266 and 
R293 substitutions (Figure 6.4A), suggesting these two positions may play an auxiliary role in 
the σ54-dependent DNA melting. The σ70-dependent RPo formation was most affected by the 
β’ CC N266A substitution (80% reduction compared to WT, Figure 6.4A). Interestingly, the 
σ70-dependent RPo formation with Eβ’ CC N266G remained WT-like (95% of WT, Figure 6.4A). 
Based on the location of N266 in the holoenzyme structure (Figure 6.1B), its impact on DNA 
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melting is unlikely to be via direct side chain interaction with σ
conformational changes. The σ
reduced to an intermediate level (50
in the σ70-dependent DNA melting. 
Taken together, the data suggest that 
R297 which may be stabilised by an ionic interaction in σ
primarily involves β’ CC N266. The growth
may be related to the DNA melting defect associated with the β’ CC N266 substitutions. 
Figure 6. 4. Transcription of Eβ’ WT and variants with saturating σ.
σ70 from a supercoiled nifH promoter and a supercoiled 
transcription with σ54 and σ70 from a supercoiled 
respectively. The amount of transcript with each core RNAP variant was expressed as a percentage 
of that of WT from the same promoter and σ factor. 
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-60% of WT, Figure 6.4A), suggesting their auxiliary role 
 
σ54-dependent DNA melting primarily involves β’ 
54. The σ70-dependent DNA melting 
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Since the σ702.2-β’ CC interaction is possibly the last interaction to break before RNAP enters 
the elongation phase (becoming the elongation complex (EC) where σ has dissociated 
(Haugen et al., 2008, Murakami & Darst, 2003, Travers & Burgess, 1969)), mutations of β’ CC 
could affect elongation at the level of σ clearance or the positioning of σ with respect to the 
path of RNA propagation (that is if σ was retained in the EC, (Gill et al., 1991, Kapanidis et al., 
2005, Mooney et al., 2005)). Thus the ability of each Eβ’ CC variant to generate FL 
transcripts was compared with its ability to form RPo and the difference should reflect how 
much the elongation step was affected. σ54-dependent elongation was less affected by the 
R297 substitutions (by 20% for both R297A and R297K, compare Figure 6.4B with A), 
suggesting this position is as important for the σ54-dependent elongation as for the σ54-
dependent RPo formation. The removal of side chain interaction (R297A) and the shortening 
of the side chain to present the positive charge (R297K) may disfavour the interaction with 
σ54, thus facilitating the σ clearance. σ54-dependent elongation was not significantly affected 
by the N266 and R293 substitutions, consistent with their auxiliary roles (compare Figure 
6.4B with A). σ70-dependent elongation was reduced by N266G (by 30%) and improved by 
R297A (by 30%) but not significantly affected by R293 substitutions. This observation 
suggests both N266 and R297 have roles in the σ70-dependent elongation. The N266G 
substitution may not directly facilitate σ70 release however, its interaction with other β’ 
residues may affect the processivity of the EC. The R297A substitution may contribute to σ70 
clearance in a similar manner as to σ54 clearance. 
In the σ54-dependent transcription pathway, the β’ CC R297 is important for both DNA 
melting and the processivity of EC. In the σ70-dependent transcription pathway, the β’ CC 
N266 is initially involved in DNA melting but both N266 and R297 are involved in the 
processivity of EC.  
6.2.4 β’ CC substitutions affect catalytic activities of core RNAP 
Apart from the aspect of σ clearance, the elongation step can be affected by the intrinsic 
polymerase and template cleavage activities of EC (the enzymatic activities performed by EC 
are summarized in Table 6.1). During the forward polymerisation, the 3’-end of the nascent 
RNA occupies the i site whereas the incoming NTP binds to the i+1 site. The phosphodiester 
bond formation is followed by translocation of the new 3’-end of RNA from i+1 site to i site 
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with the assistance of the bridge helix and trigger loop 
downstream RNAP can sometimes move async
suggesting a backward movement must also be in place during active elongation
& Chamberlin, 1989, Krummel & Chamberlin, 1992, Linn & Luse, 1991, Rice
backward motion has been shown 
during pyrophosphorolysis and excision of mismatched or backtracked RNA 
Pyrophosphorolysis can be viewed as the reverse reaction of 
RNAP utilises inorganic pyrophosphate (PPi, the byproduct of 
to progressively remove the 3’
al., 1984). For this reaction to occur, the 3’
(Table 6.1). Typically pyrophosphorolysis is suppressed by high rate of 
low concentration of PPi (which in a cellular environment is degraded by pyr
to phosphate ions, (Harold, 1966)
concentration of PPi can be 
pyrophosphorolysis and antagonize the forward 
Table 6. 1. Enzymatic activities carried out by the elongation complex
2009)). Positions i and i+1 represent
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to be important for the RNA cleavage
polymerisation
polymerisation
-NMP from the DNA template, liberating NTPs 
-end of nascent RNA must reoccupy the i+1 site 
polymerisation
). However under in vitro conditions, the local 
increased and a fraction of elongating RNAP may engage in 
polymerisation. 
 (adapted
 the 3’-RNA binding site and NTP binding site respectively in the 
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active site. Arrows indicate the direction of nucleophilic attack. 
RNA. N indicates nucleotide and
The intrinsic enzyme activities can be sensitive to β’ CC substitutions because both β’ lid 
(facilitates RNA/DNA separation by sterically blocking the formation of over
hybrid) and β’ rudder (positioned between RNA/DNA hybrid and downstream DNA, 
contributing to EC stability) are directly connected to β’ CC. In addition, the β’ pincer (which 
clamps onto DNA with β pincer in EC) is also located in close proximity to β’ CC (functions 
according to T. thermophilus EC 
Figure 6. 5. β’ substitutions affect intrinsic enzymatic activities of core RNAP.
activity examined on a promoter
explained under the histogram. The RNA synthesis of each variant was expressed as a percentage of 
that of WT. (B) Pyrophosphoroly
Pyrophosphorolysis is the reverse of 
high PPi concentration is present. The 
percentage of that of WT. T stands for template strand whereas NT stands for non
The RNA is 32P-labelled (sphere).
To assess the impact of β’ CC substitutions on the polymerase activity, a single radio
labelled UTP was incorporated in a promoter
The minimal scaffold is const
duplex and a gap immediately after the i+1 site to accommodate the kink. Such 
mimics the DNA/RNA in EC crystal structure 
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 P indicates phosphate.  
(Vassylyev et al., 2007)). 
-less minimal nucleic acid scaffold. The rationale of this assay is 
tic activity examined on a promoter-less minimal nucleic scaffold. 
polymerisation. The 3’-NMPs are progressively 
RNA cleavage of each Eβ’ variant was expressed as a 
 
-less synthetic minimal nucleic 
ituted by an 8nt RNA/DNA hybrid, an 18nt downstream DNA 
(Vassylyev et al., 2007) and has been shown to 
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allow active transcription complex assembly (Korzheva et al., 2000, Sidorenkov et al., 1998, 
Temiakov et al., 2002). As shown in Figure 6.5A, the Eβ’ CC N266G retained almost WT-like 
polymerase activity, whereas the Eβ’ CC N266A, R293A, R293K and R297A retained ≥60% of 
WT polymerase activity. The most affected polymerase activity was observed with Eβ’ CC 
R297K (40% of WT). 
To assess the nuclease activity of Eβ’ variants, an 8nt radio-labelled RNA was cleaved in the 
presence of high PPi concentration from the minimal scaffold (Figure 6.5B). Except for 
N266G and R293A, the majority of Eβ’ CC variants retained similar catalytic activities (40-60% 
of WT) in pyrophosphorolysis and polymerisation (compare Figure 6.5B with A). This is not 
surprising as the two enzymatic activities are thought to occur in a single active site and 
conform to the universal two-metal mechanism (Steitz, 1998, Nature). Both N266G and 
R293A showed a nearly 20% reduction in pyrophosphorolysis than in polymerisation 
(compare Figure 6.5B with A), suggesting these two variants may be specifically involved in 
switching the translocation mode of EC. The Eβ’ R297K variant exhibited the lowest 
backward pyrophosphorolytic activity; kinetically this RNAP variant may favour the forward 
polymerisation reaction. This may partially contribute to the fact that Eβ’ R297K has the 
lowest polymerase activity and yet the elongation step was not significantly affected.  
These data suggest the β’ CC may be implicated in organizing the active site and in 
regulating the translocation of the EC.  
6.2.5 β’ CC may interact with σ
54
RIII X-link motif 
The hydroxyl radical-mediated cleavage data suggest a spatial proximity between the σ54RIII 
X-link motif (residues 329-346) and the β’ CC (Wigneshweraraj et al., 2000). Within the σ54RIII 
X-link motif is R336 which when mutated to Ala (R336A) or Cys (R336C) confers an activator-
bypass phenotype similar to σ54∆RI ((Chaney & Buck, 1999, Wigneshweraraj et al., 2000) and 
see section 4.2.10). Little is known about the relationship between the σ54RIII X-link motif and 
the β’ CC in the activator-dependent and independent activation. To address this question, 
the RPo formation assay was performed with core RNAPs in the presence of either PspF1-275 
WT plus σ54 WT (activator-dependent activation) or with σ54 R336A in the absence of 
activators (activator-bypass activation).  
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Figure 6. 6. Activator-dependent and 
dependent RPo formation require
RPo formation requires only σ
54
expressed as a percentage of that of WT. 
As shown in Figure 6.6, the activator
substitutions. When the positive charge at 336 was removed (σ
bypass RPo formation seemed to be improved with
R297K), a functional or spatial linkage might exist between σ
would suggest not only was R297 specifically used during the activator
melting but also during the activator
protein more σ70-like in that it is able to make RP
σ54 R336A, like σ70, gave higher activities than σ
Figure 6.6 with Figure 6.4A). In contrast to σ
CC N266G (compare Figure 6.6 with Figure 6.4A). 
6.3 Discussion 
Arthur et al (Arthur et al., 2000)
and A302) when mutated in the context of a β’ fragment (residues 1
disrupted σ70 binding. With the simulation of σ
2001), they mapped positions R275, E295, R297 and A302 all on the σ
CC (Figure 4.7A). The elucidation of
(Vassylyev et al., 2002) enables the precise mapping of these functionally important β’ CC 
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s σ54 WT, PspF1-275 WT and dATP (black bars). The
 R336A (gray bars). The RPo formation of each Eβ’ CC variant was 
 
-bypass RPo formation was also affected by β’ CC 
54 R336A), the activator
 both β’ CC R297 variants (R297A and 
54 R336 and β’ CC R297. This 
-bypass DNA melting. The σ54 R336A variant makes the 
o independent of activators. Interestingly 
54 WT with β’ CC R297A and R297K (compare 
70, σ54 R336A was less active than σ
 
 showed that five β’ CC positions (R275, R293, E295, R297 
-314) most effectively 
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2.1-2.2 docking on β’ CC (Bur
70-interacting face of β’ 
 the T. thermophilus holoenzyme crystal structure 
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residues with respect to σ70
interaction partners of the β’ CC positions (numbering according to 
and E).  
Figure 6. 7. Modelling σ
70 
docking on β’ CC using the 
(PDB entry 1IW7) as the template.
software (Burgess & Anthony, 2001)
holoenzyme crystal structure (numbering
residues within, represented by sticks) are 
respectively. (C) Potential interaction between σ
between σ702.2 D403 and β’ CC R275. (E) Potential interaction between β’ CC R278 and E295.
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E. coli
T. thermophilus holoenzyme crystal structure 
 (A) 3D docking model of σ702.1-2.2 on β’ CC using Hex docking 
. (B) Docking of σ701.2-2.2 on β’ CC using 
 according to E. coli). σ701.2, σ
70
2.1, σ
highlighted in red, orange, magenta and yellow 
70
1.2 D96 and β’ CC R297. (D) Potential interaction 
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Discrepancies were observed with the docking model proposed by Burgess et al (Figure 
6.7A). First, σ701.2 was unexpectedly involved in σ
70 docking, possibly via a direct ionic 
interaction between σ701.2 D96 and β’ CC R297 (Figure 6.7B and C). This observation does not 
agree with the proposed σ702.2 E407-β’ CC R297 interaction (Figure 4.7A, (Burgess & Anthony, 
2001)). Malhotra et al proposed that σ702.1 and σ
70
2.2 formed a coiled coil motif that packed 
against β’ CC (Malhotra et al., 1996). As shown in Figure 6.7B, σ702.1 is largely blocked from β’ 
CC by σ702.2; instead σ
70
1.2 and σ
70
2.2 are most likely to contribute directly to β’ CC interaction. 
The second discrepancy was associated with β’ CC E295 which was proposed to interact 
with σ70 directly (Figure 6.7A, (Burgess & Anthony, 2001)). The structural modelling of this 
study suggests the role of β’ CC E295 is to interact with β’ CC R278 (Figure 6.7E) possibly for 
the maintenance of β’ CC conformation prior and post σ docking (Anthony et al., 2002). The 
third discrepancy was the severity of the functional defect observed with the β’ CC 
substitutions. σ docking was greatly reduced by β’ CC R293 and R297 substitutions in the 
far-western assay (Arthur et al., 2000), whereas it was not significantly affected in this study. 
Different experimental approaches could account for this discrepancy: β’ CC fragments 
(residues 1-314) were used in the far-western assay; the σ docking defect would be more 
prominent. The binding assay in this study used core RNAPs where the extensive σ-β’ and σ-
β interactions could compensate for the defect caused by β’ CC substitutions. The two 
structural models however agreed on the interaction between σ702.2 D403 and β’ CC R275 
(Figure 6.7B and D). Taken together, despite the high level of sequence and structural 
homology between E. coli and T. thermophilus RNAPs (Appendices F and G), small structural 
variations can still exist between the two RNAPs. Therefore the above proposed interaction 
partners need to be validated with experimental data.  
Although β’ CC is not directly involved in DNA melting (Young et al., 2001), it can play a 
significant part in this process (this study). Young et al showed that β’ CC allosterically 
changed the σ702.4 conformation for selective non-template binding of the -10 consensus 
element. Since σ702.3 (contains DNA melting/stabilising determinants) and σ
70
2.4 (contains -10 
recognition determinants) are located on the same helix (Figure 6.8A, highlighted in cyan) 
which is immediately behind σ702.2, it is likely the structural changes of β’ CC can be coupled 
to the DNA melting process. The structural changes of β’ CC caused by substitutions (N266, 
R293 and R297, this study) are likely to rearrange the σ701.2-σ
70
2.2 coiled coil (σ
70
1.2-2.2  CC, 
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Figure 6.8A) which in turn re-orientates the σ702.3-2.4 helix, ultimately resulting in less 
efficient DNA melting , stabilisation and/or -10 recognition. In addition, the β’ rudder is 
directly connected to β’ CC (Figure 6.8C). The DNA melting defect associated with the 
rudder-less β’ (Kuznedelov et al., 2002) may also be explained by the above pathway.  
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1IW7 and 2O5I respectively). (A) and (B) Potential interactions centered around β’ CC. the σ
σ702.1, σ
70
2.2, σ
70
2.3-2.4, β’ CC, β’ pincer and other β’ motifs (zipper, Zn
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trigger loop) are highlighted in red, orange, magenta, cyan, blue and light green respectively 
(positions are numbered according to E. coli). (C) Superimposition of T. thermophilus holoenzyme 
(gray) and elongation complex (cyan). The orange and magenta spheres represent Zn2+ and chelated 
Mg2+ ions respectively. The β’ F bridge helix, RNA, template DNA strand and non-template DNA 
strand are highlighted in magenta, yellow, blue and pink respectively. (D) and (E) represent the 
movement of β’ CC from holoenzyme (gray) to elongation complex (cyan) with respect to σ70.   
The elongation defect associated with β’ CC variants can be explained at several functional 
levels. First, the β’ CC may directly affect the σ clearance from the holoenzyme and 
promoter DNA. In this study, the T. thermophilus holoenzyme (PDB entry 1IW7) was 
superimposed with the elongation complex (PDB entry 2O5I) in an attempt to identify 
structural changes of β’ CC with respect to σ70. The β’ CC was observed to move towards the 
transcription bubble and clash with σ701.2-2.2 CC as the RNAP transitioned from holoenzyme 
to elongation complex (Figure 6.8 C, D and E), consistent with the σ clearance theory 
(Travers & Burgess, 1969). Regarding the σ70-β’ CC interactions, the most prominent change 
was observed with β’ CC R297. The β’ CC R297 previously stabilised by σ701.2 D96 in the 
holoenzyme (Figure 6.8D) was now stabilised by β’ E142 (Figure 6.8E) in EC. The interactions 
made between β’ CC R293 and β’ pincer (involving E142 backbone and M180 side chain) and 
between β’ CC N266 and β’ zipper (involving F57) remain largely unaltered (compare Figure 
6.8E with D).  The above observations suggest that the σ701.2 D96-β’ CC R297 interaction 
must be broken and the helix N266 residues in must relocate to complete the process of σ 
clearance, consistent with the finding that the transition from σ70-holoenzyme to EC relies 
mostly on R297 and N266 (this study). Secondly, the β’ CC substitutions may reduce the 
downstream DNA grip by affecting the β’ pincer movement via β’ CC R293-β’ pincer 
interactions (Figure 6.8C, D and E). Thirdly, the β’ CC substitutions may affect the enzymatic 
processivity of EC (this study). Both β’ lid and β’ rudder emanates from β’ CC (Figure 6.8C) 
and delineates the boundaries of the RNA/DNA hybrid (Vassylyev et al., 2007). The β’ lid 
facilitates the RNA/DNA separation by sterically blocking the over-extended hybrid 
(Vassylyev et al., 2007), whereas the β’ rudder contributes to the stability of the 
transcription bubble (Kuznedelov et al., 2002). Conformational changes in β’ CC could 
reorganise the positioning of β’ lid and rudder, resulting in inefficient RNA separation, 
upstream DNA re-annealing and a less stable transcription bubble. Since the β’ lid, zipper 
and Zn2+ finger constitute half of the RNA exit channel (Murakami & Darst, 2003, Nudler, 
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2009), it is reasonable to speculate that the β’ CC substitutions (via β’ CC N266
have an impact on RNA threading and transcription termination.  
Figure 6. 9. The putative core RNAP binding motif of σ
pneumoniae σ54 revealed potential coiled coil formation between Region I and Region III heptad 
repeats (the first residue of the heptad repeat is highlighted in red). Th
identified in both σ54RIII and σ
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2.1
the putative core binding motif in the 
σ702.3, β’ CC, and the putative core binding motif are highlighted in red, orange, cyan, yellow and 
green respectively. The residue that facilitates the DNA melting is T429, whereas the residues that 
stabilise the flipped-out nucleotide are Y430 and W433. (C) Crystal structure of σ
The σ70 sub-domains are colour
binding motif (residues 69-199 from 
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RNAP using core binding domains of a similar shape (Figure 6.9C and D) 
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observation that core RNAP binding affinity was not significantly different between σ54 and 
σ70 (this study). However, mechanistic differences must exist after the initial σ docking to 
ensure the two distinct transcription pathways are separately regulated. Tintut et al 
identified a conserved putative core binding patch (Figure 6.9A) in σ54RIII (residues 380-387) 
and in σ702.1 (residues 175-182). When modelled in the T. thermophilus holoenzyme (this 
study), the σ702.1 patch may affect DNA melting and stabilisation via σ
70
2.1 N383-σ
70
2.2 Y427 
interaction (Figure 6.9B). They also noted that σ702.1 N383 is 100% conserved in all the 
aligned σ70s and the corresponding residue V178 in σ54 is 79% conserved, and proposed that 
this position may be a key regulatory determinant (Tintut & Gralla, 1995). However, this 
position may only constitute a small part of a large regulatory network. Further analysis of 
the putative σ54 core binding patch revealed that it was located in the σ54RIII hydrophobic 
heptad repeats (residues 158-183, Figure 6.9A, (Sasse-Dwight & Gralla, 1990)). The σ54RIII 
heptad repeats together with the σ54RI heptad repeats (residues 19-44, Figure 6.9A) 
potentially form a coiled coil motif (σ54RI-RIII CC) to interact with β’ CC (Tintut & Gralla, 1995). 
Consistent with this hypothesis are two observations: (i) a strong and a weak core binding 
motifs were identified in σ54RIII and σ
54
RI respectively (Gallegos & Buck, 1999) and (ii) the 
hydroxyl radical-footprinting patterns of σ54RI and σ
54
RIII were very similar and concentrated 
on β’ CC region (Wigneshweraraj et al., 2000). In addition, the structural comparison 
suggests the σ54RIII heptad repeats lie at a similar position to σ
70
2.2 and through domain 
arrangement, the σ54RI heptad repeats may assume a similar position to σ
70
1.2 (Figure 6.9 C 
and D), reminiscent of the σ701.2-2.2 CC for β’ CC binding. In functional terms, the σ
54
RI-RIII CC 
may be located directly above the -12 inhibitory fork junction and essential for -12 
recognition, DNA melting and RPc maintenance (Sasse-Dwight & Gralla, 1990). Thus 
substitutions in β’ CC may be coupled to σ54RI-RIII CC reorganisation, resulting in defects of -12 
fork junction regulation and DNA melting. The σ54RIII X-link motif has been shown to 
contribute to the σ54-core RNAP interaction and is close to β’ CC (Wigneshweraraj et al., 
2000). Therefore the role of β’ CC may be to position the σ54RIII X-link/σ
54
RI-RIII CC above the -
12 fork junction DNA for RPc maintenance, as changing either the σ
54
RIII X-link motif (R336A) 
or σ54RI (mutations in the heptad repeats or σ
54
∆RI) can result in deregulation (activator-
bypass) of RPc.  
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The σ54- and σ70-dependent elongation steps were differentially affected by the β’ CC 
substitutions, suggesting there must be fundamental differences in the two EC complexes. 
Without structural guidance it is very difficult to conclude on the precise mechanistic details. 
However, the σ54-dependent EC preferentially uses β’ CC R297 whereas the σ70-dependent 
EC preferentially uses β’ CC N266 and R297 (this study). Interestingly, only the core binding 
motif in σ54RIII was shown to be proximal to the β’ G trigger loop (Wigneshweraraj et al., 
2000). Substitutions in the β’ CC may uniquely affect the enzymatic activities of σ54-EC by 
directly changing the NTP incorporation cycle.  
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given the spatial reminiscence between σ54RIII heptad repeats and σ
70
2.2 (both contain the 
strongest core RNAP binding motif), between σ54RI heptad repeats and σ
70
1.2, and between 
σ54 X-link and σ702.1 (Figure 7.1A and Figure 6.9). The direct inhibitory interactions exerted 
upon the -12 fork junction DNA is likely to come from σ54 X-link and σ54RI (Figure 7.1A), as 
mutations and deletions of these two σ54 regions resulted in activator-bypass phenotypes 
(Chaney & Buck, 1999, Chaney et al., 2001). Two additional features exist in RPc to further 
prevent the spontaneous isomerisation to RPo (Bose et al., 2008): (i) σ
54
RI (possibly with σ
54
RII, 
together called ‘Db’) inserts into the active channel and blocks the DNA entry and (ii) the -12 
DNA melting site is modelled upstream and misaligned with the active channel. The 
insertion of σ54RI in the active site is functionally reminiscent to σ
70
1.1 in RPc (Figure 1.9) and 
needs to be displaced at a later stage of transcription activation.  
Upon ATP hydrolysis, the nucleotide occupancy at the catalytic site of PspF is sensed and 
relayed via the N64-E108 switch pair to drive L1 movement. In the ATP bound state, L1 
projects almost perpendicularly to contact σ54 (Rappas et al., 2006). As proposed, two 
adjacent L1s (from protomers i+2 and i+3, Figure 7.1A) are likely to contact σ54RI 
simultaneously (but not σ54∆RI, Chapter 4) whereas one L1 (from protomer i, Figure 7.1A) 
contacts the non-template strand -29 region. However, this proposed model shows a 
discrepancy with the Cryo-EM structure of the σ54•PspF1-275 hexamer, where the second 
connecting density seemed to contact σ54 outside Region I (Figure 1.16). The discrepancy 
could be explained by the absence of promoter DNA. The σ54 RpoN box which has been 
demonstrated to contact the -29 non-template strand in the NMR structure (Doucleff et al., 
2007) would seek spatial support in the absence of the promoter DNA by interacting with 
any nearby L1s (in this case the L1 contacting the non-template -29 region), generating the 
artificial L1-σ54 connecting density outside σ54RI observed in the Cryo-EM structure.  
In RPc/RPI, L1 (from protomer i) binds to the non-template strand at the -29 region (Figure 
7.1A), whereas σ54 binds to the non-template strand at the -24 consensus (via σ54RIII RpoN 
box) and to the template strand at the -12 fork junction (possibly via σ54RI) (Gralla, 2000, Guo 
et al., 1999). σ54 needs to change the strand preference from the template strand to the 
non-template strand at the -12 fork junction for full holoenzyme activity – an event called 
‘strand switching’ (Gralla, 2000). L1 may trigger a coupled ‘strand switching’ event with σ54, 
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which may have three critical structural/ functional impacts for RPc isomerisation (Figure 
7.1A red arrows 1-3). First, the interaction between L1 and the -29 region may affect the 
conformation of σ54 RpoN box (Figure 7.1A red arrow 1), which in turn may adjust the core 
RNAP (via β G flap) to a structural state poised for DNA loading. The β’ CC may also re-
orientate to disfavour the packing against σ54 X-link/σ54RI-RIII CC helical bundle, together with 
the two L1 interactions (from protomers i+2 and i+3) contributing to the remodelling of the -
12 inhibitory fork junction and the relocation of σ54RI out of the active channel. Since σ
54
RI 
needs to move away from the -12 fork junction DNA and out of the active channel, its 
contribution towards DNA melting might be allosteric. Instead, the residues T86 and F85 in 
the L1 ‘GAFTGA’ motif may participate in DNA flipping-out and stabilisation respectively. 
Secondly, if L1 triggers the ‘strand switching’ event at the upstream -29 region, the strand 
preference of σ54RIII RpoN box and σ
54
RI may change concomitantly, resulting in alleviation of 
the inhibitory interactions made at the -12 fork junction and facilitation of the -12 DNA 
melting process. This could explain why modifications of the -29 region affected the core 
RNAP-independent DNA melting process measured in the σ54 isomerisation assay. Thirdly, 
the L1 and σ54 might move upstream (Bose et al., 2008), pushing the promoter DNA towards 
the downstream end and re-aligning the -12 DNA melting site with the active channel 
(Figure 7.1A red arrow 3). The process may be analogous to the myosin head walking along 
the actin filament after one round of ATP hydrolysis.  
Joly et al (Joly et al., 2006) observed stimulated ATPase activity of PspF1-275 in the presence 
of ADP and proposed that the PspF1-275 hexamer followed either a sequential (all protomers 
are active and opposite protomers are occupied by the same NTP, Figure 1.13) or a 
rotational (only three protomers are active and they are occupied by different NTPs, Figure 
1.13) model. The stimulation of ATPase activity in the presence of ADP could be explained 
by the steric clash between E43 and trans Y126 side chains in the ADP bound state. The E43-
Y126 interaction pair may serve as an ‘ADP release switch’ during hydrolysis. In the 
proposed model (Figure 7.1A) two adjacent L1s project upwards to engage σ54, which would 
require ATP occupancy by two adjacent protomers. This configuration cannot be achieved 
by either a sequential or a rotational model. However, the proposed model was derived 
from the cross-linking data under ADP-AlFx ‘trapping’ conditions. It is possible that the ADP-
AlFx occupancy is different from the ATP occupancy, resulting in a differential nucleotide-
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driven L1 movement. In addition, the PspF1-275 hexamer at the transition state may assume 
an open ring configuration (N. Joly unpublished data) where the ATP hydrolytic model 
(Figure 1.13) for a planer configuration may not apply.  
In the Apo and the initial ATP bound state, the PspF1-275 hexamer might assume a planer 
configuration. As the L1 exposure has been shown to significantly affect the interface 
organisation (Chapter 2), the L1-σ54 interaction may signal the protomer interface and alter 
the planer configuration into an open ring configuration.  
7.2 Future work 
The PspF1-275 L1 cross-linking site on σ
54 is currently under investigation using mass 
spectroscopy (MS). However, this approach is complicated by three issues: (i) the low yield 
of PspF1-275 G83pBpa, (ii) the relatively small amount of PspF1-275 x σ
54 cross-linked species 
for the MS scale, and (iii) the suboptimal size of the trypsin cleavage product (trypsin 
preferentially cleaves to the C-terminus of Arg or Lys residues). To improve and to facilitate 
the MS analysis, a specific trypsin cleavage site could be introduced near the stem of L1 or 
the base of Helix 3. However, its impact (in combination with the pBpa incorporation) on 
overall L1 exposure and protein activities needs to be examined closely.  
An alternative route of identifying the σ54 interaction site, if the MS work failed, is by single-
molecule fluorescence resonance energy transfer (FRET) studies (Figure 7.2). The Cy3B 
derivatives, Cy3B-hydrazide or Cy3B-Phosphine, are conjugated to a p-acetylphenylalanine 
(pAcPhe, (Brustad et al., 2008)) and a p-azidophenylalanine (pAzPhe, (Chakraborty et al.)) 
respectively (Figure 7.2). Both pAcPhe and pAzPhe are artificial amino acids that are site-
specifically incorporated at positions of interest (in this case PspF1-275 L1 positions) by 
different orthogonal tRNA-tRNA synthetase pairs. The Cy3B-conjugated PspF1-275 L1 variants 
will be used to screen against Alexa647-conjugated σ54RI from the double Ala/Cys Cys(-) 
library (Xiao et al., 2009). The Cy3B/Alexa647 dye pair has been successfully used to study 
DNA scrunching (Kapanidis et al., 2006) and RNAP clamp closure (R. Ebright personal 
communication). However, the conjugated dyes are large in size and very hydrophobic. Thus 
the ‘trapping’ reaction needs to be carried out to ensure the interaction between PspF1-275 
L1 and σ54 is not disrupted before FRET analysis. The same approach can be extended to 
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study the spatial relationship between PspF
conjugated to Alexa647-Maleimide) along the activation pathway. 
Figure 7. 2. Conjugation of dye molecules to PspF
studies. (A) Conjugation of a Cy
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1-275 L1 and σ
54
 during single
3B-Hydrazide to a p-acetylphenylalanine (pAcPhe) incorporated 
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PspF1-275 L1 position. The Cy3B-conjugated PspF1-275 L1 variant is screened against the Alexa647-
conjugated σ54RI from the double Ala/Cys Cys(-) library in the single-molecule FRET analysis. (B) 
Conjugation of a Cy3B-Phosphine to a p-azidophenylalanine (pAzPhe) incorporated in a PspF1-275 L1 
position via the Staudinger ligation. The Cy3B-conjugated PspF1-275 L1 variant is screened against the 
Alexa647-conjugated σ54RI from the double Ala/Cys Cys(-) library in the single-molecule FRET analysis. 
Ph indicates benzene ring.  
In this study, the cross-linking method using PspF1-275 G83pBpa hexamers failed to reveal 
precisely how many ‘GAFTGA’ containing L1s interact with σ54. However with the recent 
advances in linked PspF1-275 oligomer generation (N. Joly unpublished data, in single chain 
forms), it is possible to sequentially introduce the pBpa cross-linker in a single L1 with 
respect to the linked PspF1-275 WT oligomer. The subsequent cross-linking study may help 
reveal the stoichiometric and geometric contribution of individual L1s in the hexamer for σ54 
contact.  
 This study has shown that the core RNAP β’ CC is important for positioning the σ54 X-
link/σ54RI-RIII CC at the -12 inhibitory fork junction. One speculation is that by disrupting the 
positioning of σ54 X-link/σ54RI-RIII CC using β’ CC variants, the inhibitory interactions at the -12 
fork junction are alleviated, generating an activator-bypass phenotype in the presence of σ54 
WT. This is likely to be achieved with the β’ CC variants alone without any other core RNAP 
components (which may compensate for the loss of β’ CC/σ54RI-RIII CC interaction).  
The Proteinase K-ExoIII footprinting method combined with DNA cross-linking could be used 
to further address: (i) how the L1-DNA relationship changes along the activation pathway by 
using different linear DNA probes, (ii) how the L1-DNA relationship changes in the presence 
and absence of core RNAP, and (iii) would the cross-linking pattern be different between 
G83pBpa and T86pBpa (which also generated weak DNA cross-linking species with the -12-
11/WT DNA probe, Chapter 4).  
The pBpa-based cross-linking approach has been shown to be a powerful tool to study 
protein-protein and nucleo-protein interactions. One potential use is to identify new 
interaction partners under in vivo conditions. The pBpa cross-linker can be incorporated in a 
bait protein (Hisx6 tagged) in vivo. After UV irradiation, the cross-linked bait and prey 
proteins can be pulled-out via affinity chromatography for further analysis. It can also be 
used to replace the existing genome Chip-Chip analysis. The pBpa cross-linker can be 
incorporated at the DNA binding site of a target protein (Hisx6 tagged) in vivo. Upon UV 
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irradiation, the cross-linked nucleo-protein complexes are extracted by affinity 
chromatography or immune-precipitation (anti-Hisx6 antibodies). The protein components 
are digested by Proteinase K, leaving the promoter DNA for micro-array analysis.  
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Appendix 
Appendix A (Strains) 
Strain Genotype Reference 
MC1061 araD139, Δ(ara, leu)7697, ΔlacX74, galU-, galK-, hsr-, 
hsm+, strA 
(Casadaban & Cohen, 
1980) 
XL10-gold 
Ultracompetent 
TetR, Δ(mcrA)183,  Δ(mcrCB-hsdSMR-mrr)173, endA1, 
supE44, thi-1, recA1, gyrA96, relA1, lac Hte [F´ proAB, 
lacIq ZΔM15, Tn10 (TetR Amy CmR) 
Stratagene 
MG1655∆F∆A F-, λ-, ilvG, rfb-50, rph-1, pspF-, pspA-, KanR (Blattner et al., 1997, 
Joly et al., 2008b) 
BL21 (DE3) F–, dcm, ompT, hsdS(rB
-
 mB
-), gal λ(DE3) Stratagene 
NovaBlue (DE3) endA1, hsdR17(rK12
-
 mK12
+), supE44, thi-1, recA1, 
gyrA96, relA1, lacF’ [pro A+B+, lacIq ZΔM15::Tn10] 
Novagen 
 
Appendix B (Plasmids) 
Plasmid Characteristics Reference 
General   
pET28a+ Expression vector, IPTG-inducible, T7 
promoter, His-tag, KanR 
Novagen 
pET28b+ Expression vector, IPTG-inducible, T7 
promoter, His-tag, KanR 
Novagen 
pET33b+ Expression vector, IPTG-inducible, T7 
promoter, His/HMK-tag, KanR 
Novagen 
pBAD18-Cm β-galactosidase vector, arabinose-inducible, 
ara promoter, CmR 
(Guzman et al., 
1995) 
pIA458 Cloning vector for C-terminal rpoC 
fragment, AmpR 
Lab collection 
pVS10 Expression vector, IPTG-inducible, T7 
promoter, Encoding E. coli rpoA-rpoB-
rpoC[His-tag]-rpoZ, AmpR 
(Belogurov et al., 
2007) 
pDULE-pBpa Expression vector, Encoding Methanococcus 
jannaschii tRNACUA 
-pBpaRS pair, lpp promoter, TetR 
(Farrell et al., 2005) 
pJET1.2 blunt Cloning vector, blunt end ligation, T7 
promoter, AmpR 
Fermentas 
Specific in this work   
pET28b-PspF1-275 WT pPB1, Encoding E. coli pspF1-275 WT (Bordes et al., 2003) 
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pET28b-PspF1-275 F85A Encoding E. coli pspF1-275 F85A, Kan
R This work 
pET28b-PspF1-275 F85W Encoding E. coli pspF1-275 F85W, Kan
R This work 
pET28b-PspF1-275 F85Y Encoding E. coli pspF1-275 F85Y, Kan
R This work 
pET28b-PspF1-275 F85H Encoding E. coli pspF1-275 F85H, Kan
R This work 
pET28b-PspF1-275 F85E Encoding E. coli pspF1-275 F85E, Kan
R This work 
pET28b-PspF1-275 F85Q Encoding E. coli pspF1-275 F85Q, Kan
R This work 
pET28b-PspF1-275 F85R Encoding E. coli pspF1-275 F85R, Kan
R This work 
pET28b-PspF1-275 F85I Encoding E. coli pspF1-275 F85I, Kan
R This work 
pET28b-PspF1-275 F85L Encoding E. coli pspF1-275 F85L, Kan
R This work 
pET28b-PspF1-275 F85C Encoding E. coli pspF1-275 F85C, Kan
R This work 
pET28b-PspF1-275 T86S Encoding E. coli pspF1-275 T86S, Kan
R (Dago et al., 2007) 
pET28b-PspF1-275 N69A Encoding E. coli pspF1-275 N69A, Kan
R This work 
pET28b-PspF1-275 N69D Encoding E. coli pspF1-275 N69D, Kan
R This work 
pET28b-PspF1-275 E125A Encoding E. coli pspF1-275 E125A, Kan
R This work 
pET28b-PspF1-275 E125D Encoding E. coli pspF1-275 E125D, Kan
R This work 
pET28b-PspF1-275 E125Q Encoding E. coli pspF1-275 E125Q, Kan
R This work 
pET28b-PspF1-275 D164A Encoding E. coli pspF1-275 D164A, Kan
R This work 
pET28b-PspF1-275 D164E Encoding E. coli pspF1-275 D164E, Kan
R This work 
pET28b-PspF1-275 D164Q Encoding E. coli pspF1-275 D164Q, Kan
R This work 
pET28b-PspF1-275 D164N Encoding E. coli pspF1-275 D164N, Kan
R This work 
pET28b-PspF1-275 M114A Encoding E. coli pspF1-275 M114A, Kan
R This work 
pET28b-PspF1-275 M115A Encoding E. coli pspF1-275 M115A, Kan
R This work 
pET28b-PspF1-275 M115E Encoding E. coli pspF1-275 M115E, Kan
R This work 
pET28b-PspF1-275 E70A Encoding E. coli pspF1-275 E70A, Kan
R This work 
pET28b-PspF1-275 E70D Encoding E. coli pspF1-275 E70D, Kan
R This work 
pET28b-PspF1-275 E70M Encoding E. coli pspF1-275 E70M, Kan
R This work 
pET28b-PspF1-275 M115A/E70A Encoding E. coli pspF1-275 M115A/E70A, Kan
R This work 
pET28b-PspF1-275 M115E/E70M Encoding E. coli pspF1-275 M115E/E70M, 
KanR 
This work 
pET28b-PspF1-275 M115D Encoding E. coli pspF1-275 M115D, Kan
R This work 
pET28b-PspF1-275 D74A Encoding E. coli pspF1-275 D74A, Kan
R This work 
pET28b-PspF1-275 D74M Encoding E. coli pspF1-275 D74M, Kan
R This work 
pET28b-PspF1-275 M115A/D74A Encoding E. coli pspF1-275 M115A/D74A, 
KanR 
This work 
pET28b-PspF1-275 M115D/D74M Encoding E. coli pspF1-275 M115D/D74M, 
KanR 
This work 
pET28b-σ54 WT Encoding K.pneumoniae σ54 WT, KanR (Cannon et al., 1994) 
pET28b-σ54 G4L Encoding K.pneumoniae σ54 G4L, KanR (Dago et al., 2007) 
pET28b-σ54 R336A Encoding K.pneumoniae σ54 R336A, KanR (Chaney & Buck, 
1999) 
pET28b-σ54 Q39E Encoding K.pneumoniae σ54 Q39E, KanR This work 
pET28b-σ54 D42E Encoding K.pneumoniae σ54 D42E, KanR This work 
pET28b-σ54 Q39E/D42E Encoding K.pneumoniae σ54 Q39E/D42E, 
KanR 
This work 
pJET1.2- σ54 RI Encoding K.pneumoniae σ54 RI (1-56) , AmpR This work 
pJET1.2- σ54 ∆RI Encoding K.pneumoniae σ54 ∆RI (57-477), 
AmpR 
This work 
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pET28a-σ54 DC3000 Encoding S.syringae pv tomato DC3000 σ54, 
KanR 
This work 
pET28a-σ70 WT Encoding E. coli σ70 WT, KanR This work 
pET33b-σ54 HMK Encoding K.pneumoniae σ54 WT, HMK-tag, 
KanR 
Gift from N. Joly 
pET33b-σ70 HMK Encoding E. coli σ70 WT, HMK-tag, KanR Gift from N. Joly 
pET33b-σ54 RI HMK Encoding K.pneumoniae σ54 RI (1-56), HMK-
tag, KanR 
This work 
pET33b-σ54 ∆RI HMK Encoding K.pneumoniae σ54 RI (57-477), 
HMK-tag, KanR 
This work 
pBAD18Cm-PspF1-275 WT Encoding E. coli pspF1-275 WT, Cm
R (Joly et al., 2008b) 
pBAD18Cm-PspF1-275 F85A Encoding E. coli pspF1-275 F85A, Cm
R This work 
pBAD18Cm-PspF1-275 F85W Encoding E. coli pspF1-275 F85W, Cm
R This work 
pBAD18Cm-PspF1-275 F85Y Encoding E. coli pspF1-275 F85Y, Cm
R This work 
pBAD18Cm-PspF1-275 F85H Encoding E. coli pspF1-275 F85H, Cm
R This work 
pBAD18Cm-PspF1-275 F85E Encoding E. coli pspF1-275 F85E, Cm
R This work 
pBAD18Cm-PspF1-275 F85Q Encoding E. coli pspF1-275 F85Q, Cm
R This work 
pBAD18Cm-PspF1-275 F85R Encoding E. coli pspF1-275 F85R, Cm
R This work 
pBAD18Cm-PspF1-275 F85I Encoding E. coli pspF1-275 F85I, Cm
R This work 
pBAD18Cm-PspF1-275 F85L Encoding E. coli pspF1-275 F85L, Cm
R This work 
pBAD18Cm-PspF1-275 F85C Encoding E. coli pspF1-275 F85C, Cm
R This work 
pBAD18Cm-PspF1-275 M115A Encoding E. coli pspF1-275 M115A, Cm
R This work 
pBAD18Cm-PspF1-275 M115D Encoding E. coli pspF1-275 M115D, Cm
R This work 
pBAD18Cm-PspF1-275 M115E Encoding E. coli pspF1-275 M115E, Cm
R This work 
pBAD18Cm-PspFFLWT Encoding E. coli pspFFLWT, Cm
R Lab collection 
pBAD18Cm-PspFFLM115A Encoding E. coli pspFFLM115A, Cm
R This work 
pBAD18Cm-PspFFLM115D Encoding E. coli pspFFLM115D, Cm
R This work 
pBAD18Cm-PspFFLM115E Encoding E. coli pspFFLM115E, Cm
R This work 
pIA458-β’ WT Encoding E. coli C-terminal rpoC WT, AmpR Lab collection 
pIA458-β’ N266A Encoding E. coli C-terminal rpoC N266A, 
AmpR 
Lab collection 
pIA458-β’ N266G Encoding E. coli C-terminal rpoC N266G, 
AmpR 
Lab collection 
pIA458-β’ N293A Encoding E. coli C-terminal rpoC N293A, 
AmpR 
Lab collection 
pIA458-β’ N293K Encoding E. coli C-terminal rpoC N293K, 
AmpR 
Lab collection 
pIA458-β’ N297A Encoding E. coli C-terminal rpoC N297A, 
AmpR 
Lab collection 
pIA458-β’ N297K Encoding E. coli C-terminal rpoC N297K, 
AmpR 
Lab collection 
pVS10-β’ WT Encoding E. coli core RNAP, rpoC WT, AmpR This work 
pVS10-β’ N266A Encoding E. coli core RNAP, rpoC N266A, 
AmpR 
This work 
pVS10-β’ N266G Encoding E. coli core RNAP, rpoC N266G, 
AmpR 
This work 
pVS10-β’ N293A Encoding E. coli core RNAP, rpoC R293A, This work 
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AmpR 
pVS10-β’ N293K Encoding E. coli core RNAP, rpoC R293K, 
AmpR 
This work 
pVS10-β’ N297A Encoding E. coli core RNAP, rpoC R297A, 
AmpR 
This work 
pVS10-β’ N297K Encoding E. coli core RNAP, rpoC R297K, 
AmpR 
This work 
pMKC28-nifH Harbouring nifH promoter region, AmpR Lab collection 
pVA1415-hrpL Harbouring hrpL promoter region, AmpR Lab collection 
pSLE1-pspA Harbouring pspA promoter region, AmpR Lab collection 
pJH2-pspG Harbouring pspG promoter region, AmpR Lab collection 
pFCSQ-glnHp2 Harbouring glnHp2 promoter region, AmpR Lab collection 
pBian-lacUV5 Harbouring lacUV5 promoter region, AmpR (Kolb & Buc, 1982) 
pET28b-PspF1-275 G83Amb Encoding E. coli pspF1-275 G83→Amber (TAG)  
stop codon, KanR 
This work 
pET28b-PspF1-275 A84Amb Encoding E. coli pspF1-275 A84→ Amber 
(TAG)  stop codon, KanR 
This work 
pET28b-PspF1-275 F85Amb Encoding E. coli pspF1-275 F85→ Amber (TAG)  
stop codon, KanR 
This work 
pET28b-PspF1-275 T86Amb Encoding E. coli pspF1-275 T86→ Amber (TAG)  
stop codon, KanR 
 
pET28b-PspF1-275 G87Amb Encoding E. coli pspF1-275 G87→ Amber 
(TAG)  stop codon, KanR 
This work 
pET28b-PspF1-275 A88Amb Encoding E. coli pspF1-275 A88→ Amber 
(TAG)  stop codon, KanR 
This work 
 
Appendix C (Primers) 
Name Sequence (5’-3’) Function 
Nan-1 AAGCGGGGGCGTGCACCGGTGCGCA To mutagenise 
pspF1-275 F85C 
Nan-2 TGCGCACCGGTGCACGCCCCCGCTT To mutagenise 
pspF1-275 F85C 
Primer 3 AAGAACTCCAGGAAGCGCTGGACAG To mutagenise 
σ
54 
Q39E 
Primer 4 CTGTCCAGCGCTTCCTGGAGTTCTT To mutagenise 
σ
54 
Q39E 
Primer 5 GCAGGCGCTGGAAAGCAACCCGTTG To mutagenise 
σ
54 
D42E 
Primer 6 CAACGGGTTGCTTTCCAGCGCCTGC To mutagenise 
σ
54 
D42E 
Primer 7 CAGCAAGAACTCCAGGAAGCGCTGGAAAGCAACCCGTTGCTG To mutagenise 
σ
54 
Q39E/D42E 
Primer 8 CAGCAACGGGTTGCTTTCCAGCGCTTCCTGGAGTTCTTGCTG To mutagenise 
σ
54 
Q39E/D42E 
Primer 9 CCGATACCGATCGCGCCATCGCGAC To sequence σ54  
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Primer 10 TGACGCGCAGCAGGGTGTCGTTGCG To sequence σ54 
Primer 11 GACGAGTAATTCTCGCTCAAACAGG To sequence 
rpoC  
Primer 12 TGCAGACGCAGGTATGGACCTACGG To sequence 
rpoC 
Primer 13 TGGAAGCCCAGCTGGAAGCGCGTGC To sequence 
rpoC 
Primer 14 TGCTGGATAACGGTCGTCGCGGTCG To sequence 
rpoC 
Primer 15 GTCAGCACCATGCCTTCGCCTTTGG To sequence 
rpoC 
Primer 16 AGTTGGGTAACGCCAGGGTTTTCCC To sequence 
rpoC 
Primer 17 CTTTTCGCGCTGAACTGCTCGACCG To mutagenise 
pspF1-275 D164E 
Primer 18 CGGTCGAGCAGTTCAGCGCGAAAAG To mutagenise 
pspF1-275 D164E 
Primer 19 CTTTTCGCGCTCAGCTGCTCGACCG To mutagenise 
pspF1-275 D164Q 
Primer 20 CGGTCGAGCAGCTGAGCGCGAAAAG To mutagenise 
pspF1-275 D164Q 
Primer 21 CCGTTCTGCCGGTACTGCCGCCAGA To sequence 
rpoC coiled-coil 
region 
Primer 22 GAAAATCTGCTGGCCTCCGAACTGT To mutagenise 
pspF1-275 D74A 
Primer 23 ACAGTTCGGAGGCCAGCAGATTTTC To mutagenise 
pspF1-275 D74A 
Primer 24 GGCACCGATGGATGTGCAGGAGAAA To mutagenise 
pspF1-275 M115D 
Primer 25 TTTCTCCTGCACATCCATCGGTGCC To mutagenise 
pspF1-275 M115D 
Primer 26 GAAAATCTGCTGATGTCCGAACTGT To mutagenise 
pspF1-275 D74M 
Primer 27 ACAGTTCGGACATCAGCAGATTTTC To mutagenise 
pspF1-275 D74M 
Primer 28 GCGGCGTTAAATGCCAATCTGCTGG To mutagenise 
pspF1-275 E70A 
Primer 29 CCAGCAGATTGGCATTTAACGCCGC To mutagenise 
pspF1-275 E70A 
Primer 30 GCGGCGTTAAATATGAATCTGCTGG To mutagenise 
pspF1-275 E70M 
Primer 31 CCAGCAGATTCATATTTAACGCCGC To mutagenise 
pspF1-275 E70M 
Primer 32 GCGGCGTTAAATGATAATCTGCTGG To mutagenise 
pspF1-275 E70D 
Primer 33 CCAGCAGATTATCATTTAACGCCGC To mutagenise 
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pspF1-275 E70D 
Primer 34’ GGCACCGATGGAAGTGCAGGAGAAA To mutagenise 
pspF1-275 M115E 
Primer 35’ TTTCTCCTGCACTTCCATCGGTGCC To mutagenise 
pspF1-275 M115E 
Primer 38 GAAGCGGGGGCGTAGACCGGTGCGC To mutagenise 
pspF1-275 F85Amb 
Primer 39 GCGCACCGGTCTACGCCCCCGCTTC To mutagenise 
pspF1-275 F85Amb 
Primer 36' GTCACGAAGCGTAGGCGTTTACCGG To mutagenise 
pspF1-275 G83Amb 
Primer 37' CCGGTAAACGCCTACGCTTCGTGAC To mutagenise 
pspF1-275 G83Amb 
Primer 38' CGAAGCGGGGTAGTTTACCGGTGCG To mutagenise 
pspF1-275 A84Amb 
Primer 39' CGCACCGGTAAACTACCCCGCTTCG To mutagenise 
pspF1-275 A84Amb 
Primer 40' GGGGCGTTTTAGGGTGCGCAAAAAC To mutagenise 
pspF1-275 T86Amb 
Primer 41' GTTTTTGCGCACCCTAAAACGCCCC To mutagenise 
pspF1-275 T86Amb 
Primer 42' GGGCGTTTACCTAGGCGCAAAAACG To mutagenise 
pspF1-275 G87Amb 
Primer 43' CGTTTTTGCGCCTAGGTAAACGCCC To mutagenise 
pspF1-275 G87Amb 
Primer 44' GTTTACCGGTTAGCAAAAACGTCAT To mutagenise 
pspF1-275 A88Amb 
Primer 45' ATGACGTTTTTGCTAACCGGTAAAC To mutagenise 
pspF1-275 A88Amb 
Pri42f H192Y 
 
GATGGCAGAATACTTTGCCATCCAG To mutagenise 
pspFFL H192Y 
Pri43r H192Y 
 
CTGGATGGCAAAGTATTCTGCCATC To mutagenise 
pspFFL H192Y 
Pri44s70 CAACCAGGTTCAATGCTCCGTTGCT To sequence σ70 
Pri45s70 GGTAATGAAGTTTTTCTTCGGCATT To sequence σ70 
Pri46s70 AATGCCGAAGAAAAACTTCATTACC To sequence σ70 
Pri47s70 ATTTCTTAGCGATAGAAATAACCAG To sequence σ70 
Pri48G83Af GTCACGAAGCGGCCGCGTTTACCGG To mutagenise 
pspF1-275 G83A 
Pri49G83Ar CCGGTAAACGCGGCCGCTTCGTGAC To mutagenise 
pspF1-275 G83A 
Pri50G83Ff GTCACGAAGCGTTTGCGTTTACCGG To mutagenise 
pspF1-275 G83F 
Pri51G83Fr CCGGTAAACGCAAACGCTTCGTGAC To mutagenise 
pspF1-275 G83F 
Pri52pBADd TTTAATCTGTATCAGGCTGAAAA To sequence 
pBAD18Cm insert 
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Pri53pBADu ACGCTTTTTATCGCAACTCTCTA To sequence 
pBAD18Cm insert 
Pri56s54dF CAGGTCCATATGGAAACCAAAGAGG To PCR σ54 ∆RI 
Pri57s54dR GACCTGAAGCTTTTAAACCAGCTGC To PCR σ54 ∆RI 
Pri58s54iMF CGATGAGGTATAATAGAAAGAGGCC To PCR σ54 RI 
Pri59s54iMR GGCCTCTTTCTATTATACCTCATCG To PCR σ54 RI 
 
Appendix D (Oligonucleotides) 
Mismatched sequences are highlighted in small case and bold.  
Oligoes Sequence (5’-3’) Function 
WVC 3 ACATGAATGCGCAACAGCATGCGCGCCCAGGGCTGATCGT
GCAAAAGTCGTGCCAGCCGTCTGAAATAAAACTACTCGGC
TTTCTTTC 
nifH promoter, T strand 
from -68 to +20 
WVC 23 ACATGAATGCGCAACAGCATGCGCGCCCAGGGCTGATCtg
GCAAAAGTCGTGCCAGCCGTCTGAAATAAAACTACTCGGC
TTTCTTTC 
nifH promoter, T strand 
from -68 to -20, 
mismatch from -12 to -
11 
WVC 8 GAAAGAAAGCCGAGTAGTTTTATTTCAGACGGCTGGCACG
ACTTTTGCACGATCAGCCCTGGGCGCGCATGCTGTTGCGC
ATTCATGT 
nifH promoter, NT 
strand from -68 to +20 
WVC 18 GAAAGAAAGCCGAGTAGTTTTATTTCAGACGGCTGGCACG
ACTTTTGCcaGATCAGCCCTGGGCGCGCATGCTGTTGCGCA
TTCATGT 
nifH promoter, NT 
strand from -68 to +20, 
mismatch from -12 to -
11 
WVC 7 GAAAGAAAGCCGAGTAGTTTTATTTCAGACGGCTGGCACG
ACTTTTGCACtcgactaaagGGGCGCGCATGCTGTTGCGCAT
TCATGT 
nifH promoter, NT 
strand from -68 to +20, 
mismatch from -10 to -1 
WVC-19 GAAAGAAAGCCGAGTAGTTTTATTTCAGACGGCTGGCACG
ACTTTTGCcatcgactaaagGGGCGCGCATGCTGTTGCGCATT
CATGT 
nifH promoter, NT 
strand from -68 to +20, 
mismatch from -12 to -1 
WVC-10-5 GAAAGAAAGCCGAGTAGTTTTATTTCAGACGGCTGGCACG
ACTTTTGCACtcgacGCCCTGGGCGCGCATGCTGTTGCGCAT
TCATGT 
nifH promoter, NT 
strand from -68 to +20, 
mismatch from -10 to -5 
WVC-5-1 GAAAGAAAGCCGAGTAGTTTTATTTCAGACGGCTGGCACG
ACTTTTGCACGATCAtaaagGGGCGCGCATGCTGTTGCGCA
TTCATGT 
nifH promoter, NT 
strand from -68 to +20, 
mismatch from -5 to -1 
WVC-3+10 ACATGAATGCGCAACAGCA Sequencing marker, 
19mer 
WVC-3+1 ACATGAATGCGCAACAGCATGCGCGCCC Sequencing marker, 
28mer 
WVC-3-5 ACATGAATGCGCAACAGCATGCGCGCCCAGGGC Sequencing marker, 
33mer 
WVC-3-13 ACATGAATGCGCAACAGCATGCGCGCCCAGGGCTGATCGT
G 
Sequencing marker, 
41mer 
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WVC-3-25 ACATGAATGCGCAACAGCATGCGCGCCCAGGGCTGATCGT
GCAAAAGTCGTGC 
Sequencing marker, 
53mer 
WVC-3-37 ACATGAATGCGCAACAGCATGCGCGCCCAGGGCTGATCGT
GCAAAAGTCGTGCCAGCCGTCTGAA 
Sequencing marker, 
65mer 
WVC-3-50 ACATGAATGCGCAACAGCATGCGCGCCCAGGGCTGATCGT
GCAAAAGTCGTGCCAGCCGTCTGAAATAAAACTACTCG 
Sequencing marker, 
78mer 
WVC3+28-26 ACATGAATGCGCAACAGCATGCGCGCCCAGGGCTGATCGT
GCAAAAGTCGTGCC 
Truncated nifH 
promoter, T strand from 
-26 to +28 
WVC8-26+28 GGCACGACTTTTGCACGATCAGCCCTGGGCGCGCATGCTG
TTGCGCATTCATGT 
Truncated nifH 
promoter, NT strand 
from -26 to +28 
WVC18-60-31 GAAAGAAAGCCGAGTAGTTTTATTTCAGAC Truncated nifH 
promoter, NT strand 
from -60 to -31 
WVC18-29+28 GCTGGCACGACTTTTGCcaGATCAGCCCTGGGCGCGCATG
CTGTTGCGCATTCATGT 
Truncated nifH 
promoter, NT strand 
from -29 to +28, 
mismatch from -12 to -
11 
WVC18-28+28 CTGGCACGACTTTTGCcaGATCAGCCCTGGGCGCGCATGCT
GTTGCGCATTCATGT 
Truncated nifH 
promoter, NT strand 
from -28 to +28, 
mismatch from -12 to -
11 
WVC18-27+28 TGGCACGACTTTTGCcaGATCAGCCCTGGGCGCGCATGCT
GTTGCGCATTCATGT 
Truncated nifH 
promoter, NT strand 
from -27 to +28, 
mismatch from -12 to -
11 
WVC18-26+28 GGCACGACTTTTGCcaGATCAGCCCTGGGCGCGCATGCTG
TTGCGCATTCATGT 
Truncated nifH 
promoter, NT strand 
from -26 to +28, 
mismatch from -12 to -
11 
WVC7-26+28 GGCACGACTTTTGCACtcgactaaagGGGCGCGCATGCTGTT
GCGCATTCATGT 
Truncated nifH 
promoter, NT strand 
from -26 to +28, 
mismatch from -10 to -1 
8nt RNA GUAGCGGA RNA in the minimal 
scaffold 
28nt T GGTCCTGTCTGAAATTGTTATCCGCTAC Template DNA of the 
minimal scaffold 
18nt NT ACAATTTCAGACAGGACC Non-template DNA of 
the minimal scaffold 
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Appendix E (PspF1-275 variants) 
The ability of each PspF1-275 variant to perform a function was expressed as a percentage of 
that of PspF1-275 WT. The σ
54 interaction was analysed under ADP-AlFx ‘trapping’ conditions 
in the absence of promoter DNA. The transcription ability was analysed under standard 
5min activation.  
PspF1-275 
ATP 
binding 
ATP 
hydrolysis 
Self-
association 
σ54 
interaction  
σ54 
isomerisation 
Transcription 
activation   
Reference 
WT 100% 100% Hexamer 100% + 100%   
K42 0% 0% - N/A N/A N/A (Schumacher 
et al., 2004) 
W56 100% 100% Hexamer N/A + 100% (Elderkin et 
al., 2005) 
N64A 500% 36% Reduced 
Hexamer 
50% + 66% (Joly et al., 
2008b) 
N64D 50% <0.4% - 0% - 0% (Joly et al., 
2008b) 
N64Q 900% 12% Reduced 
Hexamer 
35% + and CA 
complex 
55% (Joly et al., 
2008b) 
N64S 400% 100% Constitutive 
Hexamer 
50% + 38% (Joly et al., 
2008b) 
S75A 100% 7%  N/A 0% - 0% (Bordes et 
al., 2003) 
H80A 100% 0.7%  N/A 0% - 0.7% (Bordes et 
al., 2003) 
F85A 100% 7%  N/A 0% N/A  0% (Bordes et 
al., 2003) 
F85L 100% 11%  N/A 0%  N/A 0% (Bordes et 
al., 2003) 
T86A 100% 172%  N/A 0%  N/A 0% (Bordes et 
al., 2003) 
T86S 100% 155%  N/A 100%  N/A 84% (Bordes et 
al., 2003) 
D107A 200% 0.7% Constitutive 
Hexamer 
Not ATP-
dependent  
 N/A 0% (Joly et al., 
2007) 
D107E 100% 0.7% Constitutive 
Hexamer 
Not ATP-
dependent  
 N/A 0% (Joly et al., 
2007) 
E108A 800% 0.7% Constitutive 
Hexamer 
ATP-
dependent  
- 0% (Joly et al., 
2007) 
E108D 300% 4% Hexamer ATP- + and C1 18% (Joly et al., 
Functional studies of the ‘GAFTGA’ motif of Escherichia coli Phage Shock Protein F 
194 
 
dependent  complex 2007) 
E108Q 3200% 1% Constitutive 
Hexamer 
ATP-
dependent 
interaction 
+ and C2 
complex 
0% (Joly et al., 
2007) 
R162A 0% 0% -  N/A N/A  N/A  (Schumacher 
et al., 2004) 
R168A 100% 0% Constitutive 
Hexamer 
 N/A N/A  N/A  (Schumacher 
et al., 2004) 
T148A 100% 638% Hexamer 100% + 10% (Schumacher 
et al., 2007) 
N149A 89% 52% Hexamer 100% + 42% (Schumacher 
et al., 2007) 
N149S 95% 41% Hexamer  N/A N/A  N/A  (Schumacher 
et al., 2007) 
R131A 97% <0.3% Hexamer 100% - 6% (Schumacher 
et al., 2004) 
V132A 123% 1% Greatly 
reduced 
Hexamer 
100% - 4% (Schumacher 
et al., 2004) 
G133A 105% 9% Hexamer  N/A - 2% (Burrows et 
al., 2009c) 
S135A 103% <0.3% Hexamer  N/A + 8% (Burrows et 
al., 2009c) 
Q136A 87% 13% Hexamer  N/A + 57% (Burrows et 
al., 2009c) 
P137A 110% 87% Greatly 
reduced 
Hexamer 
 N/A + 57% (Burrows et 
al., 2009c) 
P137T 149% 155% Hexamer  N/A + 43% (Burrows et 
al., 2009c) 
L138A 79% 8% Hexamer  N/A - 6% (Burrows et 
al., 2009c) 
Q139A 92% <0.3% Hexamer  N/A - 2% (Burrows et 
al., 2009c) 
R227A 100% 0% -  N/A  N/A 0% (Rappas et 
al., 2006) 
Appendix F (Sequence alignment of β’)
Ec – E. coli (GI:16131818); Tth – Thermus thermophilus
 
 (GI:20160391); Taq – Thermus aquatics (GI:10803422). 
 
 Appendix G (Sequence alignment of σ
Ec – E. coli (GI:16131092); Kp – Klebsiella pneunomiae
in bold. 
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 (GI:206577472); Aa – Aquifex aeolicus  (GI:15282445). The putative core binding motif is highl
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ighted 
